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CHAPTER 1  
INTRODUCTION AND BACKGROUND 
 
1.1 Batteries for Energy Storage 
With the increase in energy needs, together with the facts that the Fossil fuels are non 
renewable resources and raise environmental concerns, as well as the necessity to decrease the 
greenhouse gas emission, require to take advantage of renewable green energy sources. One of 
the main issues of the renewable resources such as solar and wind, is that they are intermittent. In 
order to solve the intermittency of the renewable, energy storage systems have become a crucial 
part of all energy strategies. Electrochemical energy storage systems are the most efficient 
devices to store energy and release it on demand as compared to the non-electrochemical storage 
systems. Batteries and supercapacitors are under intense studies for various applications ranging 
from mW for electronic to MW for stationary systems.  
A battery is a device that efficiently converts chemical energy into electrical energy. The 
chemical energy is released by oxidation-reduction reactions at the electrodes leading to the 
transfer of electrons from the oxidizing electrode to the reducing electrode via outside circuit. In 
the redox reaction that powers the battery, reduction (addition of electrons) usually occurs at the 
metal centers at the cathode (i.e Fe
III
/Fe
II
), while oxidation (removal of electrons) occurs at the 
anode (i.e. Li/Li
+
). A cell is the basic electrochemical unit providing a source of electrical energy 
by direct conversion of chemical energy. 
Batteries can be divided into three main categories: primary, secondary, and reserve 
batteries. In primary batteries, the electrode reactions are not reversible and the cells are 
therefore not rechargeable, i.e. after one discharge, they are discarded. In secondary batteries, the 
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electrode reactions are reversible and the cells are rechargeable. The reserve batteries are 
energetic batteries that can be activated by introducing electrolyte between the preassembled 
electrodes, or by melting solid electrolytes. However, the most interesting electrochemical 
energy storage system has been the rechargeable batteries. Li-ion batteries are considered as the 
most promising rechargeable batteries for their high theoretical energy density, high power 
capability and high safety [1]. 
 
1.2 Lithium-ion Batteries 
The growing concern to develop new types of Li-ion batteries is motivated by the amplified need 
of batteries with a high voltage per cell, high energy density, high power capability in a wide 
operational temperature range. These will be necessary for applications in portable electronic 
devices, transportation, back-up and stationary energy storage, and especially for electrification 
of automobiles such as hybrid electric vehicles (HEVs) and electric vehicles (EVs). A 
comparison of energy storage capacities for different battery technologies is shown in Figure 1.1. 
Compared to other secondary batteries such as lead-acid, nickel-cadmium (Ni-Cd) and nickel-
metal hydride (Ni-MH), Li-ion battery has the highest energy density. 
 
Figure 1.1   Gravimetric and volumetric energy densities of different commercial batteries [2] 
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In the most basic sense, the term lithium-ion battery refers to a battery where the negative 
electrode (anode) and positive electrode (cathode) materials serve as a host for the lithium ion 
(Li
+
), together with an electrolyte – filled separator that allows lithium ion transfer between the 
electrodes, but prevents electrodes from direct contact. Lithium ions move from the anode to the 
cathode during discharge and are intercalated into (inserted into voids in the crystallographic 
structure of) the cathode. The ions reverse their direction during charging as shown in Fig 1.2.   
       
 
Figure 1.2 A schematic of lithium-ion battery [3] 
 
 
During charge/discharge, Li ions flow between the anode and the cathode, enabling the 
conversion of chemical energy into electrical energy and the storage of electrochemical energy 
within the battery [4-7]. The chemical reactions involved in a typical Li-ion battery cell are 
described as follows [8]: 
Reaction at the anode: 
66 CLixexLiC x

      (1.1) 
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Reaction at the cathode:                
          

  xexLiCoOLiLiCoO x 212    (1.2) 
By measuring the operating voltage and the specific capacity produced upon charge and 
discharge, the performance of a battery material can be determined. The specific energy density 
of the material is the product of the specific capacity and the operating voltage in one full 
discharge cycle giving rise to gravimetric or volumetric energy density (Wh/kg or Wh/L). The 
potential of the cell is related to the difference in the chemical potential between the cathode and 
the anode, and it is related to the Gibbs free energy of the chemical reaction in the cell [9], 
 EnFG        (1.3) 
where, ΔG is the Gibbs free energy, n is the number of electrons that participate in the redox 
reaction, F is the Faraday’s constant (96485 C mol-1), and E is the redox potential difference 
between the anode and the cathode reactions. 
 
1.2.1 Components of Li Ion Batteries 
1.2.1.1 Anode  
The anode is the negative electrode that gives up electrons to the external circuit and gets 
oxidized during the electrochemical discharge reaction. Anodic material usually consists of 
highly conductive metals that can be easily oxidized. Carbonaceous materials are presently the 
preferred materials for producing anodes in Li-ion battery. For instance, graphite (LiC6) with a 
theoretical capacity of 372 mAh/g can avoid the problem of Li dendrite formation by reversible 
intercalation of Li into carbon host lattice, and this provides good cyclability and safety for Li-
ion battery anodes. To increase the energy and power densities of Li-ion batteries, 
nanostructured carbonaceous anode materials, such as one dimensional (1D), two-dimensional 
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(2D), and porous carbon based anodes, have been developed to create more active sites for Li 
storage [8]. Recent work has shown that graphene, a single layer of carbon (2D), is a potential 
electrode material for Li-ion battery applications, primarily due to its superior electrical 
conductivity, high surface area, and broad electrochemical window [10, 11]. Besides carbon 
materials, metals capable of forming alloys with lithium are promising anode materials. There 
are many elements that are reactive towards lithium, e.g., Si, Sn, Sb, Al, Mg, Bi, In, Zn, Pb, Ag, 
Pt, Au, Cd, As, Ga. Si is probably the most studied anode material since it exhibits a low 
discharge potential of 0.06 V vs. Li/Li
+ 
and has the highest theoretical specific capacity of 4200 
mAh g
-1
 [8]. 
 
1.2.1.2 Cathode 
The cathode is the positive electrode that accepts electrons from the external circuit and is 
reduced during the electrochemical discharge reaction. The cathode must be an efficient 
oxidizing agent, be stable when in contact with the electrolyte, and have a useful working 
voltage. Materials such as metallic oxides are commonly used as cathodes because they are 
easily reduced.  
Following are the important desirable characteristics of a cathode material: 
a. High free energy ( G ) to provide high energy density (high capacity and high voltage)  
b. Lithium ions should have high diffusion coefficient upon entering into or leaving out of 
the matrix structure of materials to provide high rate capability and hence, high power 
density. 
c. The raw materials used to obtain the final cathode products should be abundant to 
provide low cost. 
6 
 
d. Materials should not react with electrolyte to achieve long cycle life and good safety. 
e. Structural and chemical stabilities during repeatedly charge and discharge processes to 
provide high cycle life  
 
  Cathode electrode materials for Li-ion batteries have been the object of comprehensive 
study, as they play a main role in the operation of lithium-ion batteries. In Section 1.3, cathode 
materials will be reviewed in detail with a focus on compounds having olivine type structure. 
Figure 1.3 shows voltage versus capacity for different cathode and anode materials.  
 
 
Figure 1.3 Voltage versus capacity for different electrode materials [5] 
 
1.2.1.3 Electrolyte 
The electrolyte is the ionic conductor that provides a medium for the transfer of ions 
between the anode and the cathode. The electrolyte is typically a liquid, such as water or other 
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solvents, with dissolved salts, acids, or alkalies to impart ionic conductivity. The electrolyte must 
have good ionic conductivity but not be electronically conductive, as this would cause internal 
short-circuiting. 
Physically, the anode and cathode electrodes should be electronically isolated in the cell 
to prevent internal short-circuiting, but separated by the electrolyte. In practical cell designs, a 
separator material is used to separate the anode and the cathode. If the electrodes are allowed to 
come in contact, the cell will short-circuit and become useless because both electrodes would be 
at the same potential. In addition, it may cause thermal runaway due to high heat of reaction 
between the anode and the cathode. The separator is a porous polymer membrane permeable to 
the electrolyte in order to sustain the desired ionic conduction pathway between electrodes.   
At present, commercial lithium battery electrolytes use organic liquid electrolyte which 
are comprised of lithium salts such as lithium hexafluorophosphate (LiPF6), lithium 
tetrafluoroborate (LiBF4), lithium trifluoromethanesulfonate (LiCF3SO3) and lithium 
hexafluoroarsenate (LiAsF6), dissolved in appropriate organic solvent combination, e.g. 
propylene carbonate (PC) ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl 
carbonate (DEC), ethyl methyl carbonate (EMC) etc.  
Liquid electrolytes exhibit the highest ionic conductivity (10
-2
 Scm
-1
) at ambient 
conditions and therefore the use of these electrolytes allows the realization of high performance 
batteries. However, the dendrite formation on the electrode may result due to continuous cycling. 
Also, the solvents are flammable, so their use may cause serious safety risks [12]. For this 
reason, alternative electrolytes have been proposed and studied. Among the alternative 
electrolytes, ionic liquid-based electrolyte and solid electrolytes appear to be the most promising. 
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Ionic liquids are molten salts, composed only of ions, and free of any molecular solvent. 
The term ionic liquids is often extended to salts having a melting point below 100
0
C [12]. The 
ionic liquids are considered as promising electrolytes due to their unique and excellent 
characteristics such as negligible vapor pressure, non-flammability, non-corrosive with high 
thermal stability which makes them suitable for applications as electrolytes for energy 
conversion and storage devices [13]. 
The solid polymer electrolyte is an ultimate safe electrolyte for the rechargeable lithium 
ion batteries. The solid polymer electrolyte is prepared with a lithium salt dissolved in a polar 
polymer. This type of electrolyte can act as both an electrolyte and separator [14]. They exhibit 
very poor conductivities in the order of 10
-8 
Scm
-1
 at ambient temperatures. Intensive efforts have 
been made to improve the electrical properties of polymer electrolytes such as adding organic 
plasticizers into the polymer matrix in order to improve its ionic conductivity [15]. 
 
1.3 Types of Cathode Materials 
At present, there are three major types of cathode materials: layered oxides, spinels, and 
polyanions. Other types of cathodes also have been proposed, but not commercialized yet, 
including conjugated organics, sulfur, air, and conversion cathodes such as transition metal 
fluorides (FeF3).  
 
1.3.1 Layered Compounds 
The most common layered oxide used as cathodes in commercial Li-ion cells is the 
layered LiCoO2. The layered oxides share a general formula of LiMO2, where M can be one or 
more transition metals (M = Ni, Co, V, Mn). Other layered oxide cathodes such as V2O5, V6O13, 
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and MoO3, also have been reported [16, 17]. The layered cathode materials are used successfully 
in commercial lithium cells. However, there are many issues concerning their lattice instability 
and high catalytic activity toward electrolyte oxidation, particularly at high state of charge are 
the characteristics of the transition metal oxide cathodes. The poor stability of layered structures 
and site disorder associated with the transition metal in the lithium sites restricts the complete 
charging and discharging of the electrode to avoid the structural rearrangement, which results 
into the lower power and capacity of the electrode materials. As mentioned previously, the more 
lithium that can flow in and out of the cathode, higher the battery capacity. Another problem 
with such layered cathode materials is the loss of oxygen from the electrode materials at elevated 
temperature causing serious safety risks when the battery is overcharged, stressed or overheated 
[18].  
 
 
Figure 1.4 Crystal structure of Layered LiMO2 [9] 
 
LiMO2 cathodes have a layered structure which allows the lithium to flow without 
obstructions in two dimensions. The structure of layer oxides can be described as the periodic 
distribution of layers of MO6 and LiO6 octahedral alternately stacked in alternate manner, as seen 
in Fig 1.4 (blue: transition metal ions octahedra; yellow: Li ions). The layered oxide LiCoO2 has 
been commercialized as a cathode for the last two decades. However, the maximum delivery 
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capacity is around half of its theoretical value (274 mAh/g) due to the intrinsic structural 
instability of the material during the Li
+
 deintercalation process [19]. In addition, cobalt is toxic 
and expensive, so there is a considerable interest for the substitution of a cheaper transition metal 
in place of cobalt. Hence, the research focusing on layered compounds, has moved from LiCoO2 
to its derivatives in which Co ions are partially/fully substituted by more abundant and 
environmental friendly transition metal ions, such as Ni and Mn [20]. For instance, 
LiNi0.5Mn0.5O2 and LiCo1/3Ni1/3Mn1/3O2 compounds also show good performance at elevated 
temperature. Attempts have been made to create new and optimum compounds of LiCoxNiyMn1-
x-yO2 [20]. The most successful layered oxide cathode material is the Li[Ni0.80Co0.15Al0.05]O2, 
called NCA and is used in many commercial lithium cells [21]. Recently, layered oxide with 
excess lithium has been introduced and formulated as Li[LixM]O2, which is considered as 
layered stacking of LiMO2 and Li2MO3. This compound is called Li-rich cathode and provides 
over 200 mAh/g. However, the voltage stability of the new cathode is poor due to rearrangement 
of ions in the metal oxide stabs during electrochemical cycling. Many layered chalcogenide 
cathodes also have been reported, with the most famous cathode TiS2 reported in early 1970s 
[22].  
 
1.3.2 Spinel Compounds 
The second type of cathode, LiM2O4, has a spinel structure (here M is again a transition 
metal) in which they share a cubic cell (Fig 1.5) and M seats in the octahedral sites and Li in the 
tetrahedral and octahedral sites [23]. The first spinel used as cathode for lithium batteries was 
LiMn2O4, and was proposed by Thackeray and Goodenough in 1983 [24].  
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Figure 1.5 Crystal structure of spinel LiM2O4 [25] 
 
 
The spinel, LiMn2O4, exhibits two charge plateaus one around 3V vs. Li
+
/Li and one 
around 4V vs. Li
+
/Li (Fig 1.6). The first plateau is corresponding to the removal of lithium ions 
from half of the tetrahedral sites in which Li
+
/Li insertions occur. The second peak observed is 
due to the removal of lithium ions from the other tetrahedral sites. One of the benefits of such 
spinel structure is the higher operating voltage, resulting in the enhanced specific energy. 
 
 
Figure 1.6 Voltage-composition curve for spinel LiMn2O4[26] 
 
 In addition, the spinel structures provide three dimensional pathways for the migration of 
lithium, thereby making the spinel a high-power cathode material. However, cathodes with a 
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spinel structure have two drawbacks. First, they show intrinsically lower capacity. Second, in 
spinel-structured cathode dissolution of Mn is the main problem with respect to the olivine-
structured LiMPO4 cathode systems. Substituting Mn with other metal ions has been used as an 
important approach to improve cycling performance of spinel materials [20].  
In order to take advantage of this high power LiMn2O4 spinel material, new technology 
being developed to prevent Mn dissolution. A new composite cathode material where layered 
LiMO2 (M = Ni, Co, and Mn) based material, due to its high capacity, is mixed with spinel 
LiMn2O4 material. The final product is corresponding to a promising cathode material that has 
the potential to improve the power and the capacity retention as well as the benefits of increased  
capacity and better safety characteristics [27]. Several works have been reported on this new   
mixture type of cathode materials [27-30]. 
 
1.3.3 Polyanion Compounds 
During the 1990s, Goodenough et al. proposed another system for cathode materials, 
based not on the oxygen anion, but polyanion networks [31]. Lithium polyanion compounds 
have general chemical formula LixMy(XO4)z, where X is one of P, S, As, MO, or W and M is a 
transition metal. Among many such materials, lithium iron phosphate (LiFePO4) has attracted a 
particular interest. The use of materials based on these tetrahedral polyanion structural units
  nXO4 , where n = 2 or 3, was proposed on the hypothesis that by adding these covalently 
bonded structures, the redox potential of the transition metal couple in the structure would shift 
to higher energies, thus yielding higher voltages and higher energy densities [32, 33].  
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Figure 1.7 Crystal structure of olivine LiMPO4 [26] 
 
Olivine type phosphates with general formula LiMPO4 (M = Fe, Ni, Co, Mn), represent 
the most intensely studied materials among the polyanion cathodes for Li-ion batteries. The 
structure of LiMPO4 is shown in Fig 1.7. The LiO6 octahedra are edge-shared while the MO6 
octahedra are corner-shared [20]. The capacity of such cathode materials is similar to that of the 
LiMO2 type. However, these systems are much safer even at much higher temperatures as 
compared to the layered cathode materials, as PO4 
(3-)
 polyanion is quite stable even at higher-
temperatures [33, 34]. The olivine LiFePO4 has also attracted the most interests due to its 
excellent electrochemical properties, as well as its low cost, non-toxicity, excellent thermal 
stability and environment friendliness [33, 34]. Olivine structure can also be formed with 
transition metal ions other than Fe, such as Mn, Co and Ni [20]. According to different active 
redox couples, the voltage is 4.1 V for LiMnPO4 [34, 35], 4.8 V for LiCoPO4 [36] and 5.1 V for 
LiNiPO4 [37]. However, because of the limited voltage stability window of the current 
electrolyte, much research work have been done on LiMnPO4 and doping LiFePO4 with Mn, Co 
or Ni in Fe sites (so-called divalent doping) to get an optimal voltage as well as an enhancement 
in the performance [20]. 
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 Lithium metal ortho-silicates with general formula Li2MSiO4, (M=Ni, Mn, Fe, and Co) 
are another class of the polyanion cathode materials for Li ion batteries. Silicate materials can 
deliver a theoretical capacity up to 166 mAh/g for the extraction of one Li ion and 333 mAh/g 
when two Li ions are extracted [20]. However, very limited success has been attained in 
extracting the two lithium reactions in Li2MSiO4 till now [38]. It was has been considered that 
with carbon coating and nano particle size, the intrinsic low conductivity of silicate materials 
could be improved [20]. Among the silicate family, Li2FeSiO4 was the first to be synthesized and 
was characterized by Nytén et al. in 2005 [39].  
Borates LiMBO3 have attracted considerable interest as an electrode material because of 
its lightest polyanion group, BO3, which ensures higher theoretical energy density than other 
polyanion cathode materials. Legagneur et al. first investigated the electrochemical properties of 
LiMBO3 (M = Mn, Fe, Co) compounds. Their  results showed that a very small amount of 
lithium (about 0.04 Li per formula unit) can be deinserted reversibly from the three compounds, 
i.e. 9 mAh/g, at a rate of C/250 (the theoretical capacity is 220 mAh/g) [40]. The full potential of 
this material was not optimized until 2010, by Yamada et al. [41], approaching a capacity of 200 
mAh/g under moderate current density with surprisingly small volume change (2%.). Results 
showed that the theoretical capacity was almost achieved at C/20 rate, and more than 75% of the 
theoretical capacity was achieved at 2C rate  [41]. 
 
1.3.4   Advanced Cathode Materials 
1.3.4.1   Organic Cathodes 
Current lithium batteries are mainly based on inorganic compounds as cathode. However, 
inorganic materials are produced from nonrenewable resources, and so it becomes more and 
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more expensive. On the other hand, the processes of preparing inorganic materials need high 
temperature synthesis reactions and emit large amounts of CO2 [42]. For that reason, scientists 
are focusing on not only the energy density, power density and safety of Li-ion cells, but also 
greener Li-ion batteries. Organic electrodes are believed to be promising candidates for the next 
generation Li-ion batteries because of its abundant nature, flexibility, low cost and low toxicity. 
The development of organic electrodes lags far behind that of inorganic electrodes because they 
are limited by their thermal stability, rate capability, cycle life and low energy density values 
[43]. 
1.3.4.2   Sulfur Compounds Li2S 
Among all the known cathode materials, except the air cathode, the elemental sulfur has 
the highest theoretical capacity density of 1672mA/g [44]. It is also the cheapest available 
cathode material for lithium batteries. Combined with abundant resources of elemental sulfur in 
nature, Li2S cathode material exhibits a great potential for the next generation of high-
performance rechargeable lithium batteries, such as microbatteries for small-size electronic 
devices emphasizing high charge density, and power sources for electric vehicles. Despite their 
theoretical promise, elemental sulfur cannot be used directly as an electrode material for lithium 
batteries at room temperature due to its highly insulating nature and the dissolution of its reaction 
product polysulfides into the electrolytes, which encountered many serious problems, including 
low utilization of active material and fast capacity fading [45]. 
 
1.3.4.3   Conversion Cathodes  
   Electrochemical conversion reaction seems to be an alternative way for improved cathode 
materials by complete utilization of all the oxidation states of a transition metal compound 
during the redox cycle yielding higher specific capacities for lithium-ion batteries [46]. 
16 
 
The overall reaction for the conversion can be summarized as follows  [47]: 
                            MXnLiMXmemLi nm
lithiation
ondelithiati
n 

/                       (1.4) 
where, M stands for a cation and X an anion. Transition metal fluorides were the first to be 
widely studied owing to their metallic cations in high oxidation states and a strong ionic 
character of M-F bonds, which are expected to give a high reversible capacity and high redox 
voltage [48]. Among transition metal ﬂuorides, iron fluoride (FeF3) is particularly attractive as an 
electrode material because of its high theoretical three-electron redox capacity (712 mAh/g), low 
cost, and low toxicity [49, 50]. Arai et al. was first reported the electrochemical properties of 
FeF3 compound with a reversible capacity of 80 mAh/g, at a voltage range of 2.5–4.5 V for the 
Fe
3+
/Fe
2+
 couple [51]. 
 
1.4 Olivine Phosphates as Cathode Materials  
Among all the polyanion materials, the olivine lithium iron phosphate (LiFePO4) is the 
most promising cathode materials for rechargeable Li batteries. It was first found by 
Goodenough and coauthors in 1997 [33, 34]. LiFePO4 has several advantages over many 
commercialized cathodes, it has excellent electrochemical properties, as well as its low cost, non-
toxicity, environment friendliness, and extremely stable thermally and electrochemically at 
ambient conditions. 
 
1.4.1 Structure of LiFePO4 
In nature, LiFePO4 crystallizes in orthorhombic olivine-type structure, with space group 
Pnma, and is known as triphylite. The lattice parameters are a = 10.33 Å, b = 6.01 Å, and c = 
4.69 Å; the unit cell  volume is V = 291.2 Å
3 
[52]. The structure consists of corner-shared FeO6 
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octahedra in the bc plane, edge-shared LiO6 octahedra parallel to b-axis, and corner-shared PO4 
tetrahedra [34, 53], as shown in Fig 1.8. The olivine compound consists of distorted FeO6, LiO6, 
and PO4 units, and there is no continuous network of edge-sharing FeO6 octahedra, this will 
contribute to electronic conductivity [54]. The Li ions are located at the inversion centers of 
highly distorted LiO6 octahedra, which form an edge sharing chain along the b-axis or (010) 
direction [55]. 
 
 
Figure1.8 Crystal structure of LiFePO4 [55] 
 
1.4.2 Electrochemical properties of LiFePO4 
Unlike the other traditional cathode materials such as LiCoO2 and LiNiO2, LiFePO4 is a 
typical material with a two phase reaction mechanism at V = 3.45 V vs. lithium over a large 
composition range based on the following reaction [34]: 
  xexLiLiFePOxxFePOLiFePO 444 )1(    (1.5) 
Upon charging, Li
+
 ions are extracted from LiFePO4 and the Fe
2+
 ions in the structure lose 
electrons and oxidized to Fe
3+
 accompanied by the formation of FePO4 phase. When all lithium 
ions are extracted from the host structure, all LiFePO4 (known as triphylite) transforms into 
FePO4 (known as heterosite). Upon discharge, reverse process takes place. Li
+
 ions are inserted 
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into FePO4 structure and the Fe
3+
 ions gain electrons and are reduced to Fe
2+
. Both LiFePO4 and 
FePO4 phases are olivine-type orthorhombic structures, with the Pnma space group. However, 
the lattice constants are changed to a = 9.81 Å, b = 5.79 Å, c = 4.78 Å and V = 271.5 Å
3
 for 
FePO4, which corresponds to a reduction in lattice volume by 6.77%  [52]. LiFePO4 has a very 
good cycle performance, which is mainly due to structural similarity of LiFePO4 and FePO4.  
In Olivine structure, the oxygen atoms are strongly bonded by both Fe and P atoms, 
which allows for greater stabilization of the structure at high temperatures than layered oxides 
such as LiCoO2 [56]. The high lattice stability results in an excellent cyclic performance and 
operation safety for LiFePO4. However, because the oxygen atoms are strongly bonded with Fe 
and P, this structure restricts the electrochemical reaction kinetics in LiFePO4, leading to a very 
low ionic diffusivity (10
−13
 to 10
−16
 cm
2
 s
−1
) and poor electronic conductivity (~10
−9
 cm s
−1
) [56, 
57]. Both electronic conduction and ion diffusion problems lead to a poor performance of 
LiFePO4 cathode in Li-ion batteries. The low conductivity may lead to lowering of the initial 
capacity, cycle degradation of the redox capacity, and poor rate capability because it provides the 
kinetic limitation and induces polarization during the electrochemical reaction [54]. 
 
1.5 Motivation and Scope of the Thesis 
LiFePO4 has numerous advantages over many traditional cathode materials, making it 
suitable for battery applications. However, its poor intrinsic electrical conductivity and limited Li 
ion diffusion rate significantly limit its applications in the large format cells for industrial 
productions. Pristine LiFePO4 has an electrical conductivity quite low (~10
-9 
S/cm) compared to 
the conductivity of LiCoO2 (~10
-4
S/cm) and LiNiO2 (~10
-3
S/cm) at room temperature [58]. In 
order to improve the overall electrochemical performance of LiFePO4, several strategies have 
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been developed to overcome this shortcoming, e.g., doping with supervalent cations, coating 
with carbon and reducing particle size.  
LiFePO4 was chosen as a candidate to study the underlying mechanism of charge 
(electron and ion) transport in this compound to improve its rate capability. The objective of this 
thesis is to improve the electrochemical performance of olivine LiFePO4. In this thesis, we have 
employed the sol-gel method to prepare nanosized LiFePO4 material. The main research focus is 
as follows: 
(1) To increase the electronic conductivity it is a common practice to add carbon to Li-ion 
battery electrode materials. However, it is also believed that the amount of surface area of 
carbon affects the liquid electrolyte penetration at the electrode/electrolyte interface. Thus, 
the amount of carbon used can have an effect on the discharge characteristics of the cell. 
Carbon coating is our first project where we used lauric acid as a precursor in various 
concentrations to achieve different carbon coverage for LiFePO4 cathodes. We found lauric 
acid can reduce agglomeration and can lead to uniform carbon coating of nanoparticles. The 
use of fatty acid as surfactant precursor also lowered the amount of Fe
3+
 impurity phase that 
is usually present in the synthesis of LiFePO4. Controlling the amount of impurity during 
synthesis process is critical for achieving a better electrochemical performance in C-
LiFePO4 cathode materials. 
(2) Investigation of the effects of different surfactants, differing in carbon chain length, used in 
carbon coating the LiFePO4 and subsequent electrochemical performance of the C-LiFePO4. 
Three surfactants were used as the sources of carbon: saturated (lauric and myristic acids) 
and unsaturated (oleic acid) fatty acids. We have demonstrated that the nature of carbon-
coating on LiFePO4 nanoparticles may affect the electrochemical performance of C-
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LiFePO4, and also influence the formation of noncarbonaceous but conductive impurity 
phase at the grain boundaries of the LiFePO4 particles. The conductive impurity phases at 
the grain boundaries is shown to be beneficial in improving electronic conductivity of the 
cathode material and hence the electrochemical performances. 
(3) Study the electrochemical properties of C-LiFePO4 materials prepared with excess Li (5 mol 
%).  The purpose of this work was to study the role of excess Li precursor on the formation 
of phase pure LiFePO4, and hindering the formation of Fe
3+
 containing impurity phase. We 
have shown that samples with excess Li have a smaller particle size, higher electronic 
conductivity, better rate capability and cycling life compared to C-LiFePO4 prepared 
stoichiometrically.  
(4) In order to improve the performance of LiFePO4 we also studied the indium doped C-
LiFePO4 composites. We have found that the indium (1% mol) doping resides at the 
octahedral Fe site introducing excess electron that leads to higher electronic conductivity 
and improved the high rate electrochemical performance of the LiFePO4. 
(5) In the last project, we have studied the Mn doped LiFePO4. We have partially substituted 
Fe
II
/Fe
III
 redox center with Mn
II
/Mn
III
 in LiFePO4 structure that provides over 600 mV higher 
voltages for Mn
II
Mn
III
 redox reaction. Due to the intrinsic low electronic conductivity of 
lithium transition metal phosphates, particularly for the LiMnPO4, we coated these materials 
with a uniform conductive carbon. We obtained reasonable performance for the 20%Mn 
doped sample (LiFe0.80Mn0.20PO4). Further optimization of this class of cathode materials, 
using lesson learned from optimization of LiFePO4 is the subject of future studies.   
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CHAPTER 2    
SYNTHESIS AND CHARACTERIZATION OF LiFePO4 
 
2.1 Synthesis Methods 
 There are many synthesis methods developed to prepare the olivine LiFePO4 cathode 
material. In this section, we briefly review some synthesis methods. However, sol-gel method 
will be emphasized as it is used to prepare the samples used in this research work. 
 
2.1.1 Solid-State Method 
The solid state synthesis method involves three steps. First, the precursors, as raw 
materials, are well mixed and thoroughly ground, then subjected to heat treatment at a 
temperature of 300 
o
C – 400 oC to dry the samples free from gases. Finally, the mixture is 
reground and sintered at temperatures ranging from 600 
o
C to 800 
o
C for desired time to 
complete the chemical reaction [38].   
The synthesis of pure phase LiFeO4 by solid state reaction was first reported by Padhi at 
al. [34] using Fe2O3, NH4H2PO4 and Li2CO3 as the starting precursors. The final mixture was 
heated to 800 
o
C for 24 h in an inert atmosphere to prevent the formation of Fe
3+
 compounds as 
impurities. The electrochemical performance of the cell showed a specific capacity of 100-110 
mAh/g at 0.05 mA/cm
2
. 
Yamada et al. [59] used Fe(CH3CO2)2, NH4H2PO4 and Li2CO3 as precursors. These raw 
materials were dispersed in acetone, then decomposed at 320 °C for 10 h to expel the gases and 
reground, and finally sintered for 24 h at temperatures ranging from 400 
o
C to 800 °C under N2 
atmosphere. Yamada and his coauthors showed that the properties of LiFePO4 dependent 
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strongly on the sintering temperatures. Samples synthesized around 550 °C showed the best 
cathode performance with a reversible capacity of 162 mAh/g. 
Solid-State synthesis method requires simple equipment and synthesis procedure 
procedures are straightforward. However, the disadvantage of this method includes 
inhomogeneous composition, irregular morphology, uncontrollable particle growth and 
agglomeration, and the long heating times required [38]. Due to structural and compositional 
variation the materials produced by this method, usually; do not have consistent and attractive 
electrochemical performance.  
 
2.1.2   Hydrothermal/Solvothermal Method 
In this method, the precursors are dissolved in water or a solvent and then sealed in an 
autoclave which is kept at high temperature and high pressure so the insoluble reactants can be 
dissolved.  This method uses relatively low temperature for the synthesis and allows control of 
morphology with different shape, such as, spherical, cubic, fibrous, and plate-like and fine 
crystals particles with varying size from namometers to tens of microns [38].  
Zhou et al. [60] synthesized the mesoporous LiFePO4 microspheres by a low 
Temperature (130 
o
C) hydrothermal route. The LiFePO4 precursor was prepared by dissolving 
stoichiometric amounts of LiOH, Fe(NO3)3, NH4H2PO4, and citric acid (molar ratio 1:1:1:1) in 
distilled water. The solution is then transferred to a stainless steel autoclave for hydrothermal 
treatment. The microspheres obtained are composed of densely packed LiFePO4 nanoparticles 
and filled with interconnected mesochannels. These lead to high capacity 150mAh/g at 0.5 C 
rate. 
Yang et al. [61] used FeSO4, H3PO4 and LiOH as precursors in a stoichiometric ratio of 
Li:Fe:P = 3:1:1. The precursors were mixed and reacted in a high pressure autoclave at the 
23 
 
temperature of 120 °C for 5 h. A pure high crystalline material was formed with an average 
particle size of about 3 µm. A capacity of 100 mAh/g was obtained at 0.14mA/cm
2
. However, 
according to the authors, there is only 0.6 mol lithium can be inserted reversibly. 
 
2.1.3 Microwave Sintering Method 
The microwave (between 300 MHz and 300 GHz) heating technique is widely used in 
chemistry. Unlike the conventional heating where the materials are heated from outer surface to 
interior and thus result in steep thermal gradients, in microwave heating the material is heated on 
molecular level leading to uniform heating [62].  
Huguchi et al. [63] used Microwave technique to prepare LiFePO4 using were Li2CO3, 
NH4H2PO4 and iron acetate Fe(CH3COO)2  as the starting raw materials. These materials were 
weighed in stoichiometric ratios and dispersed in ethanol. The mixture was dried at 60 
o
C and 
pressed into pellets. Each pellet was covered with glass wool and then placed in a domestic 
microwave oven for 5-20 min under argon atmosphere. By this process, single phase LiFePO4 
were synthesized quickly and easily and material showed an initial discharge capacity of about 
125 mAh/g at 60 
o
C. 
Guo et al. [64] synthesized LiFePO4/C composite by two methods: a conventional solid 
state and a microwave irradiation reaction using FePO4·4H2O and LiOH·H2O as the precursors.  
Glucose was used as a carbon source and as a reducing agent. The microwave heating lasted 4 
min in a microwave oven. For comparison, another LiFePO4/C sample was obtained by heating 
the precursors at 650 °C for 8 h in Ar/H2 atmosphere. SEM and particle size analysis indicated 
that the particle size of resulting LiFePO4/C was much smaller than that of the solid-state 
prepared sample and that it mostly consisted of particle sizes in the range of 160–600 nm. The 
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reversible capacity delivered by the material obtained by microwave method was 150 mAh/g at 
0.1 C rate, whereas the material obtained from solid state method delivered 140mAh/g at the 
same rate.  
 
2.1.4 Sol-Gel Method 
The sol-gel process is one of the common methods used commercially in producing solid 
materials from small precursor molecules. It is one of the desired methods for the synthesis of 
nanostructured materials. Sol-gel method involves dissolving the precursors in a solvent, 
removal of the solvents by drying followed by sintering to obtain a solid material. This is an 
economic method and does not require high processing temperature. The samples produced by 
this method have the advantages of  higher purity and homogeneity and small particle size due to 
better mixing of the reactants [38]. 
The synthesis of pure phase LiFePO4 by sol-gel method was first reported by Croce et al. 
[65]. Solutions of LiOH and Fe(NO3)2 were added to ascorbic acid followed by the addition of 
H3PO4. The role of ascorbic acid is to reduce Fe
3+
 to Fe
2+
. Ammonia was then added to adjust the 
PH value and, finally, copper metal powder (1wt %) was added to the solution. The solution was 
then heated at 60 °C to obtain the gel. This gel was further heated at 350 °C for 12 h followed by 
sintering at 800 °C for 24 h under N2 flux. The Cu-added LiFePO4 reached a capacity of 140 
mAh/g at C/5 rate. The metal dispersion does not affect the structure of LiFePO4 but it appears to 
favor the growth of small size particle, reduction of the interparticle resistance and enhancement 
of the bulk conductivity.  
Choi et al. [66] used CH3CO2Li2H2O, FeCl24H2O and P2O5 as precursors to prepare 
LiFePO4. Each precursor was dissolved separately in ethanol to yield a 1M solution. Equal molar 
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ratio of lauric acid, a surfactant, was added to the solution after it was stirred for 3 h. The gel was 
finally sintered at 500 
o
C for 5 h to obtain a uniformly distributed LiFePO4/C (particle size 100 -
300 nm). The final product of the nanostructured LiFePO4 synthesized with the surfactant 
delivered a specific capacity of 125 mAh/g and 157 mAh/g at discharge rates of 10 C and 1 C. 
 
Hu et al. [67] used Fe(NO3)39H2O, Li(CH3COO)2H2O, H3PO4 and HOCH2COOH as 
precursors to prepare LiFePO4. The metal compounds were first dissolved in phosphoric acid and 
de-ionized water. The mixture was continuously stirred to obtain a homogeneous solution, and 
while continuing to stir glycolic acid, a chelating agent, was added such that the molar ratio of 
glycolic acid to metal ions was 2:1. Ammonium hydroxide was added to adjust the PH value 
between 8.5 and 9.5. The solution was heated at 70-80 °C under N2 atmosphere until a gel 
formed. Later, the gel was placed in an alumina boat and sintered at 500 °C for 10 h under 
flowing N2. The resultant powder was grounded and heated at 600 °C or 700 °C (with a 
temperature ramp rate of 2 °C/min) under N2 for various length of time between 5-15 h to obtain 
the LiFePO4 powder. The particle size of the samples was below 200 nm. It was confirmed that 
the particle size of all the samples prepared by sol-gel method was significantly smaller than the 
samples prepared by traditional solid-state method. Initially, the reversible capacity of the 
products obtained by sol-gel was only110 mAh/g. However, after organic carbon source was 
added during the grinding process for the formation of carbon coating, discharge capacity 
reached around 140 mAh/g, higher than the solid-state method which was 120 mAh/g at high 
discharge current of 0.055mA/cm
-2
.  
 For the preparation of LiFePO4 used in this work, CH3CO2Li2H2O (lithium acetate 
dihydrate, 99%, Alfa Aesar), FeCl24H2O (ferrous chloride, Fisher Scientific), and P2O5 
(phosphorous pentoxide, Fisher Scientific) were used as precursor materials. Solutions of 1 M 
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FeCl24H2O and 1M P2O5 were prepared separately in dry ethanol (200 proof), mixed together 
under nitrogen environment and stirred for 3 h for homogeneous mixing (Fig 2.1(a)). This was 
followed by the addition of 1 M CH3CO2Li2H2O solution in dry ethanol and stirred under 
nitrogen environment for additional 3 h to allow the sol formation. For preparing the carbon 
coated samples (C-LiFePO4) a 0.75 M solution of surfactant (lauric acid, myristic acid or oleic 
acid) dissolved in dry ethanol, was added to the final mixture and stirred for another 3 h under 
nitrogen environment. The resultant sol was then dried at 80 
o
C to form dry powder which was 
then ground and annealed under reduced environment of H2 (10%) and Ar (90%) at 600 
o
C for 5 
h (Fig 2.1(b)). 
 
 
Figure 2.1 (a) Sol-Gel synthesis process (b) Tube Furnace 
 
 
Table 2.1 gives a summary of different methods used to prepare the LiFePO4, the relevant 
processing parameters and the electrochemical performances of the materials obtained by these 
methods.  
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Table 2.1 Comparison of processing parameters and electrochemical  
performance for different synthesis methods 
 
 
 
Synthesis 
method 
Processing parameters Electrochemical 
performance 
Reference 
 
Solid-state 
Precursors: Fe2O3, NH4H2PO4 and 
Li2CO3  
Sintering: 850 
o
C for 24h  
100 -110mAh/g 
(0.05mA/cm
2
) 
Padhi [34] 
 
Solid-state 
Precursors:  Fe(CH3CO2)2, NH4H2PO4 
and Li2CO3  
Sintering: 500 
o
C for 24 h 
162mAh/g 
(0.1mA/cm
2
) 
Yamada [59] 
 
Hydrothermal 
Precursors:  Fe(NO3)3, NH4H2PO4 and  
LiOH Sintering: 130 
o
C 
150mAh/g 
 ( C/2) 
Zhou [60] 
 
Hydrothermal 
Precursors:  FeSO4, H3PO4 and LiOH 
Sintering: 120 
o
C for 5h 
100mAh/g 
(0.14mA/cm
2
) 
Yang [61] 
 
Microwave 
Precursors: Fe(CH3COO)2, NH4H2PO4 
and Li2CO3  
Microwave heating for 5-20 min 
125mAh/g 
(60
o
C) 
 
Higuchi [63] 
Microwave Precursors:FePO4·4H2O and LiOH·H2O 
Chelating agent: Glucose 
Microwave heating for 4min 
150 mAh/g 
(0.1C) 
Guo [64] 
 
Sol-gel 
Precursors: Fe(NO3)3 and H3PO4 and 
LiOH 
Chelating agent: ascorbic acid  
Sintering: 800 
o
C for 24h 
140mAh/g  
(C/5) 
Croce [65] 
 
Sol-gel 
Precursors: FeCl2.4H2O, P2O5 and 
CH3CO2Li.2H2O 
Chelating agent:  lauric acid (surfactant) 
Sintering: 500 
o
C for 5h 
157mAh/g 
 (1C) 
 
Choi [66] 
 
Sol-gel 
Precursors: Fe(NO3)39H2O, H3PO4 and 
Li(CH3COO)2H2O 
Chelating agent: glycolic acid 
Sintering: 600-700
0
C for 5-15h 
140mAh/g 
(0.055mA/cm
2
) 
 
Hu [67] 
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2.2 Characterization Methods 
2.2.1 X-ray diffraction 
X-ray diffraction (XRD) is a very powerful tool for investigating the crystal structure of a 
material and to identify the presence of impurities. When a monochromatic beam of x-rays is 
incident on the material, a diffraction peak is obtained whenever the scattered x-ray beam from a 
set of lattice planes in the crystal satisfies the Bragg’s condition: 
  ndhkl sin2      (2.1) 
where, hkld  is the interplanar spacing between two consecutive lattice planes characterized by 
Miler indices (h k l);   is  the diffraction angle,   is the wavelength of the x-rays and n is the 
order of diffraction. We can also find the crystallite size ( D ) by using the Scherrer equation: 
D
k
 )cos(       (2.2) 
where,   is the full-width-at-half-maximum (FWHM) of the XRD peak and k is the Scherrer 
constant which depends on the how the width is determined, the shape of the crystal, and the size  
distribution. The value of K varies from 0.62 to 2.08 [68]. In the present work, the value of K 
was used as 0.94 for FWHM of spherical crystals. The XRD patterns were collected in the  -2
  scanning mode by using Rigaku MiniFlex diffractometer ( = 1.54 Å) with CuKα radiation 
operated at 40 kV and 15 mA. A photograph of the XRD instrument used is shown in Fig 2.2. In 
a  -2 scan, a collimated x-ray beam is incident at an angle   with respect to the plane of the 
sample and scattered at an angle 2  to the direction of the incident beam. Scattered x-ray intensity 
is measured as a function of 2 .  
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Figure 2.2 Rigaku MiniFlex X-ray diffractometer  
 
2.2.2 Raman spectroscopy 
Laser Raman spectroscopy is a technique used in condensed matter physics, and 
chemistry to study characteristic vibrational modes of materials. Impurities which are not 
identified in XRD can be easily investigated by Raman spectroscopy. In this technique, a laser 
beam incident on a sample interacts with the lattice/molecules in the sample leading to scattering 
of photons. Majority of the photons are elastically scattered (Raleigh scattering) while a very 
small fraction (1 in about 10
6
)
 
of the incident photons lose energy (red shifted) that goes into 
exciting the molecular vibrations of the lattice, and thus the inelastically scattered light carries 
the information about the characteristic (finger print) vibrational modes of the lattice/molecule. 
The scattered light from the sample is collected and analyzed using a spectrometer which 
disperses the scattered light frequencies and produces a spectrum of the scattered light.  
 Raman spectra for this study were collected using a Jobin–Yvon Horiba Triax 550 
spectrometer, equipped with a liquid-nitrogen cooled charge-coupled device (CCD) detector, an 
Olympus model BX41 microscope using a 100× objective, and a Modu-Laser (Stellar-Pro-L) 
Argon-ion laser operating at 514.5 nm. The power at the laser was 10 mW. The Raman-scattered 
light from the sample was collected with the same microscope objective and focused on the 
entrance slit of a spectrometer with a 1200 lines/mm diffraction grating. A notch filter placed in 
front of the entrance slit to block the Rayleigh scattered laser light.  
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2.2.3 Electron microscopy 
2.2.3.1 Scanning electron microscopy (SEM) 
  Scanning electron microscopy (SEM) is a valuable imaging technique which uses 
electrons to investigate surface morphology and microstructural characteristics of the sample as 
well as elemental analysis of the materials. When a focused beam of mono-energetic electrons 
are impinged on a sample, it generates secondary electrons, backscattered electrons, x-rays, light 
and heat. Secondary and backscattered electrons are used for imaging and x-rays are used for 
elemental composition of the sample.  We have used a JSM-6510-LV-LGS SEM operating at 
25~30 KV to investigate the morphology and particle size distribution in our samples.  
 
     2.2.3.2 Transmission electron microscopy (TEM) 
 The transmission electron microscopy (TEM) uses a beam of monoenergetic electrons 
(100-400 keV) for imaging, where the electrons are transmitted through the specimen. TEM 
works on the same basic principle of optical microscope but due to very small wavelength (de 
Broglie waves) of high energy electrons, imaging could be done at a very high (atomic) 
resolution. The transmitted electron beam, which carries the information of the microstructure of 
the sample, consists of both central and Bragg scattered electrons. Central unscattered electrons 
are used for bright field imaging and Bragg scattered electrons are used dark field imaging. We 
performed TEM studies using a JEOL-2010 TEM operating at 200 KV. 
 
2.2.4 X-ray photoelectron spectroscopy (XPS) 
 X-Ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for 
Chemical Analysis (ESCA), is a surface-sensitive spectroscopy tool that provides information 
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about the chemical state and concentration of elements comprising the outermost surface layers 
of a solid. When a solid is exposed to a flux of x-ray photons, electrons are emitted from the 
solid. These photoelectrons originate from discrete electronic energy levels associated with the 
atoms in the analysis volume.  
 X-ray photoelectron spectroscopic analysis in the present study was carried out using a 
Perkin-Elmer XPS systems, equipped with cylindrical analyzer and a highly monochromatic Al 
Kα (1486.6 eV) X-ray source. The compact pellet of these materials were made using hydraulic 
press at high pressure and mounted on sample holder using double sided carbon tape. The 
chamber was maintained at a pressure ~ 10
-9
 torr during the experiment. The observed binding 
energies of each element were identified with reference to Perkin-Elmer database. 
 
2.2.5 Mössbauer spectroscopy 
 Mossbauer spectroscopy is a method to probe tiny changes in the energy levels of an 
atomic nucleus in response to its environment. The 
57
Fe
 
Mössbauer spectroscopy has been 
proven to be a very effective technique to determine magnetic iron impurities in cathode 
materials [69, 70]. It is a powerful tool for investigating local electronic structure and dynamics 
in iron containing compounds. Mössbauer spectroscopy, based on the resonant absorption and 
emission of 14.4KeV gamma rays, is very sensitive to the magnetic moment and the crystal field 
at the iron sites. The source 
57
Co is used to probe 
57
Fe in iron containing samples because 
57
Co 
decays to 
57
Fe emitting a gamma ray of the right energy to be absorbed by 
57
Fe as shown in 
Figure 2.3. Of all the excited 
57
Fe nuclei, about 9% will emit a γ-ray of 14.4 keV via a magnetic 
dipole transition from the first excited state (I = 3/2) to the ground state (I = 1/2) (Fig. 2.3). 
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Figure 2.3 Energy level scheme of 
57
Fe [71]. 
 
The analysis of a Mössbauer spectrum is based mainly on three parameters: isomer shift 
(IS), quadrupole spilitting (QS), and hyperfine field (HF) values. The IS arises from the coulomb 
interaction between nuclear and the electronic charge distribution over the finite nuclear size and 
is generally used to distinguish between Fe
3+
 and Fe
2+ 
ions in a material. This parameter appears 
in the Mössbauer spectrum as a shift of the minimum away from zero velocity (Fig. 2.4 (a)). The 
second parameter, the QS, results from a non-spherical nuclear charge distribution when the 
nuclear angular momentum quantum number is greater than 1/2. This parameter indicates the 
quadrupole interaction between the nuclear quadrupole moment and the electric field gradient 
due to the asymmetric electron charge distribution around the nucleus. In a simple case of 1/2 - 
3/2 nuclear spin transition in 
57
Fe
 
isotope, this interaction leads to a splitting of 3/2 level into two 
levels producing the so called QS. Typically the Fe
2+
 ions produce higher QS than Fe
3+
. 
Graphically, the QS is the separation between the two peaks of a doublet, and the IS is the 
difference between the midpoint of the doublet and zero on the velocity scale (Fig. 2.4 (b)). 
When a material consists of ferri- or ferromagnetic material, the interaction between the nuclear 
levels and the internal magnetic field splits the nuclear levels producing a characteristic six line 
Mössbauer spectrum (Fig. 2.4 (c)). The value of the HF is often used for identifying the nature of 
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a material, such as metallic Fe, or different iron oxides such as Fe3O4, γ-Fe2O3 and other 
ferromagnetic phases.  
 
 
 
Figure 2.4  Isomer shift, quadrupole splitting, and hyperfine field of the nuclear energy levels 
and corresponding spectra  [72] 
 
From an analysis of the spectrum, the isomer shift and quadrupole splitting parameters of 
different assigned doublets can provide definitive information about the redox states of Fe. The 
relative amounts of each of these states can be estimated from a comparison of the relative 
intensities of the doublets in a spectrum. 
Figure 2.5 illustrates the Mössbauer spectrometer which is mainly consists of five 
elements: a source, a drive that moves the source to generate a doppler effect, a collimator that 
eliminates the non-parallel gamma rays, a sample and a detector.  
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Figure 2.5 Schematic diagram of a Mössbauer device [71] 
 
The Mössbauer spectra were recorded in the transmission geometry using both sides of a 
(Wissel) transducer coupled to 
57
Co in Rh matrix sources of about 50 mCi and 256 channels of 
multichannel analyzers. The velocity calibration and the linearity verification were performed 
using a thin iron foil. Mössbauer spectra at 78 K were recorded using a Janis VT series Cryostat. 
For Mössbauer measurement approximately 70 mg of the sample was uniformly distributed in a 
Teflon circular cell of 1.7 cm diameter. The isomer shift values are reported with reference to 
iron. The spectra were least square fitted with MossWin program. 
 
2.2.6 Magnetic Characterization 
X-ray diffraction and Raman spectroscopy are limited in providing information of the 
impurities of our samples. Magnetic measurements were performed to get additional information 
on impurities which may be present in our samples. The temperature dependent magnetization 
measurements were carried out using a SQUID magnetometer (Quantum Design Model MPMS-
5S). A SQUID is a very sensitive magnetometer used to measure extremely weak magnetic 
fields. Temperature dependent dc magnetization measurements were performed using an applied 
field of 500 Oe. 
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2.2.7 Electrochemical Measurements 
 The electrochemical performance and analyses were conducted using the common 
techniques including: Electrochemical Impedance spectroscopy (EIS), cyclic voltammetry (CV), 
and constant current charge-discharge testing.  
The assembly of the cell was done in an argon-filled glove box. The electrochemical 
properties were measured using a standard CR2032 coin cell geometry. The fabrication detail of 
the electrochemical cell is as follows: the active materials and Super P carbon, as a conducting 
material, were mixed in 80:20 ratio and ground for 20 min. The homogenous mixture was then 
put on an aluminum mesh and pressed between two steel cylinders. The aluminum mesh acts as a 
current collector and provides a good adhesion to the mixture of active material. It is 
advantageous to test intrinsic property of active electrode materials without the contribution from 
binders. There have been many fundamental studies on cathode materials without the use of 
binders, such as single particle electrochemistry [73], solid-state pellets for in–situ work [74, 75], 
and thin films produced by sputtering [76]. One advantage of testing cathode materials without 
binder is that the effects and contributions of the binder on electrochemical properties of the 
materials are eliminated [77].  
The construction of a coin cell is shown in the Fig. 2.6 (the order of assembly was from 
bottom to top of cell). This cathode was cycled against Li metal electrode as a counter electrode 
separated by Celgard 2400 polymeric separator soaked with binary electrolyte consisting of 
ethylene carbonate (EC) and dimethyl carbonate (DMC), (50:50) containing 1M LiPF6. Before 
transferring out of the glove box, voltage of the cell was checked using a multimeter. 
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Figure 2.6 Construction of a coin cell 
 
 
2.2.7.1 Electrochemical Impedance Spectroscopy (EIS) 
 Electrochemical impedance spectroscopy (EIS) is a powerful tool in investigating the 
mechanisms of electrochemical reactions, measuring the dielectric and transport properties of 
materials, exploring the properties of porous electrodes, and for investigating passive surfaces 
[78]. The EIS is based on the application of a sinusoidal voltage (or current) signal to an 
electrochemical cell. The response of the cell to the sinusoidal perturbation is a sinusoidal 
current (or voltage), which has the same frequency as the perturbation and is normally shifted in 
phase. EIS measurements in this research were carried out using a Gamry electrochemical 
measurement system (EIS 300) in the frequency range of 0.1 – 100 kHz with AC amplitude of 10 
mV. 
An electrochemical cell can be modeled using the Randles equivalent circuit as shown in 
Fig. 2.7(a).  It consists of an ohmic resistance (Rs), which is corresponding to the total resistance 
of the electrolyte, a constant phase element (CPE) which stands for the double layer capacitance 
and passivation film capacitance [79], a charge transfer resistance (Rct) through the 
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electrode/electrolyte interface, and a Warburg impedance (Rw) which is associated with lithium-
ion diffusion in the LiFePO4 particles. 
 
 
Figure 2.7 (a) Randles Circuit (b) Nyquist Plot 
 
Figure 2.7 (b) shows a typical Nyquist plot for an AC impedance. The details of the 
analysis of Nyquist plot are presented in Appendix A. The initial intercept of the semi-circle at 
highest frequency indicates the electrolyte resistance (Rs). The semicircle part at high frequency 
region corresponds to the charge transfer resistance (Rct). Finally, the inclined line in the lower 
frequency is representing the Warburg impedance (Rw).  
It is known that an apparent exchange current density 0I , which measures the kinetics for 
an electrochemical reaction, can be used to measure the enhanced reaction rate of electrodes. 
When overpotential is very small, it can be calculated using the following formula [80, 81]: 
 
FnR
RT
I
ct
0        (2.3) 
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where, R is universal gas constant (J mol
-1 
K
-1
), T is temperature (K), n is charge-transfer number 
(mol), F is Faraday constant (C mol
-1
) and Rct is charge transfer resistance (Ω). The calculated 
values of I0 help determine the enhanced reaction rate of the electrodes and the kinetics of the 
electrochemical reaction.  
At low frequency region, the real part Warburg impedance of the cell can be written as 
follows [82] (see Appendix A):   
      
2/1 wZre                                (2.4) 
where, σ is the Warburg factor. From the linear relationship between Zre and w
-1/2, σ can be 
calculated as the slope of the fitted line. As a result, the lithium-ion diffusion coefficient of the 
material can be calculated according to the following equation [82]: 
          
22442
22
2 CFnA
TR
D                                                  (2.5) 
where, R is the gas constant (8.314 J mol
-1
K
-1
), T is the temperature (298.5 K), A is the effective 
working electrode area (0.5 cm
2
 in our case), n is the number of electrons involved in the 
reaction of the redox couple (for Li
1+
 it is 1), F is the Faraday’s constant (96,500 C mol-1) and C 
is the molar concentration of Li ions (0.0228 mol/cm
3
 in our case), and σ is the Warburg factor. 
 
2.2.7.2 Cyclic Voltammetry (CV) 
 Cyclic Voltammetry (CV) is a common technique for studying the properties of an 
electrochemical system — a cyclic linear potential sweep is imposed onto the electrode and the 
resulting current is recorded. Within the scanning potential range, a current peak occurs at a 
certain potential indicating an occurrence of an electrode reaction. If the electrode reaction is 
reversible, a peak will be observable in the reverse scanning direction. In case of LiFePO4 
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electrode, The two peaks, observed around 3.45 V vs. Li/Li
+ 
, corresponded to the two-phase 
charge – discharge reaction of the Fe2+ / Fe3+ redox couple, as can be seen in Figure 2.8. 
 
Figure 2.8 Typical CV profile of LiFePO4 sample. 
 
By analyzing the resultant current versus potential proﬁles, information on the kinetics and 
thermodynamics of the electrode reaction can be obtained [83]. For example, the diffusion 
coefficient (D) of the Li
+
 can be determined by using the Randles-Sevčik equation (Eq. (2.1)), a 
linear relationship between the peak current and the square root of the scan rate (ν):   
 
2121
0
3/2510  2.69  //Li
b
p νADCnI       (2.6) 
where, Ip the peak current value, n is the number of electrons involved in the reaction of the 
redox couple (for Li
1+
 it is 1), 
bC0 is the initial concentration of Li in LiFePO4 material (defined as 
the ratio of bulk density to the molar mass, for which the corresponding Li concentration 
bC0  
should be 0.0228 mol/cm
3
), A is the effective working electrode area (0.5 cm
2
 in our case), ν is 
the rate at which the potential is swept (V/s), and DLi is the diffusion coefficient (cm
2
/s) of Li
+ 
[84]. Although the equations Eq. (2.5) and Eq. (2.6) allow us to estimate the value of the 
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diffusion coefficient, our results show that the values corresponding to these two equations are 
different. The reason of this difference is still not understood and should be taken care in our 
future investigation.   
 CV experiments were carried out using Gamry electrochemical system (PHE 200). The 
initial scan voltage was set at 2.5V, scan to 4.2V then scan back from 4.2V to 2.5V. 
 
2.2.7.3 Galvanostatic Characterization 
 Galvanostatic or Chronopotentiometry is an electrochemical technique in which a constant 
current is applied (charging) and the potential is recorded as function of the time or total charge 
passing through the system. In this experiment, the current direction is reversed (discharging) 
once the pre-set maximum potential difference is reached. The shape of such curves is related to 
the reaction mechanism, transport of the reactants from the bulk of the phase to the interface, and 
transport of the product in the opposite direction. In this technique, the C-rate performance is 
used to calculate the capacity of the electrode at different charge/discharge current densities. 
Charge/discharge the cell at C/h rate means completely charge/discharge the cell within h hours. 
In this thesis, the room temperature galvanostatic charge and discharge measurements were 
performed at different current densities within the voltage range of 2.2 – 4.2 V versus the lithium 
counter electrode. The cyclic voltammetry (CV) profile can be correlated with galvanostatic 
charge-discharge measurements. The charge and discharge plateaus observed in 
chronopotentiometric profile correspond to the redox peaks observed in the CV curves.  
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CHAPTER 3 
INVESTIGATION OF NANOSTRUCTURED C-LiFePO4 COMPOSITES PREPARED 
USING LAURIC ACID AS A SURFACTANT 
 
To increase the electronic conductivity, it is a common practice to add carbon in the 
production of Li-ion battery electrodes. However, it is also believed that the concentration of 
high surface area carbon affects the liquid electrolyte penetration as well. Thus, the amount of 
carbon used can also have an effect on the discharge characteristics of the cell. In this chapter, 
carbon coating is our approach where we used lauric acid as precursor in various concentrations 
to achieve different carbon coverage for LiFePO4 cathodes. 
 
3.1 Introduction 
The poor electronic and ionic conductivity of olivine LiFePO4 material has been a  major 
challenge for its application as a cathode material [85], and thus its electrochemical performance 
is limited, resulting in poor rate capability. Several techniques have been used to increase its 
inherent electronic conductivity, such as reducing its particle size down to nanometers [86-89], 
coating with electronic conducting agents [90-94], and doping LiFePO4 with supervalent ions 
[65, 95, 96]. Moreover, the nature and the amount of impurity phase(s) in the cathode material 
influence the performance of the Li-ion batteries. Impurity phases of higher conductivity 
precipitated at the grain boundaries have been beneficial in improving rate capability of sample 
[97], and impurities with reduced conductivity and non-electrochemical activity, such as those 
with blocked 1D lithium channels due to ion mixing between lithium sites and Fe ion sites, have 
reduced the overall performance of LiFePO4 [98].    
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 In this chapter, we report a number of important characteristic features of pure and C-
LiFePO4 samples to better understand the effects of impurity phases, particle size and porosity 
on the electrochemical properties. LiFePO4 crystallizes in olivine structure, which belongs to the 
orthorhombic crystal structure, having Pnma space group. In this structure, the Li ions are 
distributed along one dimensional (1-D) channels in [010] direction. The ionic conductivity at 
room temperature has been known to be due to diffusion of Li ions along these 1-D channels. 
The presence of any impurity phases due to the method of preparation can significantly influence 
the overall conductivity of the sample. Some of the impurity phases, such as metallic iron and 
iron oxides, may dissolve during the electrochemical cycling, and may deposit on the anode side 
with a significant reduction in the cycle life of the battery. It is therefore important to understand 
the effects of impurities, the carbon coverage, and the particles size of the LiFePO4 on the 
performance of the Li ion batteries. In this work we have used x-ray diffraction (XRD), SQUID 
magnetometery, 
57
Fe Mössbauer spectroscopy and x-ray photoelectron spectroscopy (XPS) to 
study the structure, composition and to identify the impurity phases. Scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) are used to determine the 
morphology and the nature of carbon coverage of the particles. We find the particle size, 
morphology; carbon coverage and impurity phases significantly influence the electrochemical 
behavior of the cathode material. 
 
3.2 Experimental Details 
LiFePO4 and C-LiFePO4 samples were prepared by sol-gel method, using lithium acetate, 
iron chloride, and phosphorus pentoxide in an appropriate stoichiometric ratio. Required amount 
of iron chloride and phosphorous pentoxide were mixed in dry ethanol and stirred under nitrogen 
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atmosphere for three hours. After homogeneous mixing of iron chloride and phosphorous 
pentoxide solutions, the required amount of lithium acetate solution in dry ethanol was added to 
the solution with continuous stirring for another 3 h under nitrogen environment. The sol 
obtained was dried overnight at 80 
o
C, and the resultant powder was ground and annealed under 
a reducing environment of H2 (10%) and Ar (90%) at 600 
o
C for 5 h with heating and cooling 
rates of 1 
o
C/min. To prepare C-LiFePO4 samples, we followed the same procedure and added  
different amount of lauric acid (LA) (0.75 M and 3.0 M) after 3 h of homogeneous mixing of 
lithium acetate to the solution of iron chloride and phosphorous pentoxide, and continued mixing 
for additional 3 h. Carbon content of the samples was measured by CHN elemental analyses, 
where, the sample is combusted in a pure oxygen environment; the gases are carried through the 
system by helium, converted to CO2, H2O and N2 and their concentrations are measured using 
thermal conductivity detection. Although, the two samples were prepared with different amount 
of LA concentration, they show similar amount carbon content (8-9 wt. %). However, the sample 
prepared with 0.75 M LA had the highest discharge capacity of ~155 mAh/g at C/3 rate. In what 
follows, the samples prepared using 0 M, 0.75 M and 3 M LA are designated as sample A, B and 
C, respectively.  
3.3 Results and Discussion 
3.3.1 XRD measurements  
The XRD patterns of the uncoated LiFePO4 (Fig. 3.1(a)) and C-coated LiFePO4 samples 
(Fig. 3.1(b) and (c)) show a single orthorhombic phase, without any crystalline impurities, in 
agreement with the reported literature [99-101]. However, as will be discussed later, the 
magnetic, 
57
Fe Mössbauer spectroscopy and XPS measurements show the presence of Fe
3+ 
impurity phases due to FePO4 and/or Fe2P in amorphous or highly disordered state, perhaps 
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dispersed at the grain boundaries and particle surfaces.  We surmise these impurities are formed 
due to heat treatment in a highly reducing environment of 10% hydrogen, and in presence of 
carbon. The crystallite sizes were calculated using the Scherrer formula (Eq. (2.2)). For sample 
A, the crystallite size was found to be 50 nm and ~ 25 nm for the carbon coated samples.  
 
Figure 3.1 XRD patterns for (a) LiFePO4, (b) LiFePO4 + 0.75 M LA, and (c) LiFePO4 + 3.00 M 
LA samples. 
 
3.3.2 Scanning Electron Microscopy (SEM) 
Figure 3.2 shows the SEM images of pure LiFePO4 (Fig. 3.2(a)) and C-LiFePO4 samples 
(Figs. 3.2(b) and (c)). Uncoated LiFePO4 shows larger and irregularly shaped agglomerates of 
different sizes compared to the C-LiFePO4 samples (B and C). 
 
 
 
Figure 3.2 SEM images of (a) LiFePO4, (b) LiFePO4 + 0.75 M LA, and (c) LiFePO4 + 3.00 M 
LA samples. 
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 Interestingly, sample B has smaller and more uniform agglomeration of particles 
compared to the sample C. The agglomerate size is estimated to be 400 - 500 nm in sample A, 
whereas samples B and C show 100 - 200 nm leading to a higher porosity in these materials. 
Clearly, the carbon coating by LA during the synthesis seems to play key role in reducing the 
agglomerate size in these samples. The sample C synthesized with a larger amount of LA (3.0M) 
required a longer evaporation time (at 80
o 
C) to remove residual LA and possibly led to an 
increased agglomeration.  
3.3.3 Transmission Electron Microscopy (TEM) 
 We further investigated the nature of carbon coating in samples B and C (Fig. 3.3a, b) 
using TEM.  Sample B shows nano-sized (20-50 nm) particles with uniform C- coating (~ 5-10 
nm) and better dispersed compared to sample C. A careful examination of the TEM image of 
sample C reveals two types of carbon distribution – one that covers the particles and the other 
that is randomly distributed in the sample. The carbon coating in this sample is non-uniform 
compared to the sample B. It appears that the amount of LA used in the synthesis process is 
critical to obtain uniformly carbon coated particles. As we show later, the smaller agglomerate 
size and better dispersed particles with uniform C-coating seem to increase the specific capacity 
of the cathode materials, as it can reduce the diffusion length of Li ions during intercalation/de-
intercalation process. 
 
Figure 3.3 TEM images of (a) LiFePO4 + 0.75 M LA, and (b) LiFePO4 + 3.00 M LA samples 
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3.3.4 Electrical Conductivity 
The Electrical conductivity was measured for all the samples at room temperature. For 
uncoated LiFePO4, the measured conductivity was 5 x 10
-8 
S/cm, whereas the C-LiFePO4 
samples (B and C) show four order of magnitude improvements in the conductivity (10
-4 
S/cm). 
This increase in conductivity is attributed to the carbon coating of the particles and carbon at the 
grain boundaries. It is interesting to note that all the carbon coated samples show similar 
electronic conductivity despite different amounts of initial loading of LA in the preparation. The 
amount of carbon in these samples is close to the percolation threshold for electrical 
conductivity, and therefore, it is expected that the samples to have similar electrical conductivity. 
The presence of impurity phases, such as Fe2P, can also influence the electrical conductivity.  
Our electrochemical results, discussed later, show that the particle size, the degree of 
agglomeration, and the amount and the nature of carbon coating on active electrode material play 
a key role in enhancing the electrochemical properties of the cathode materials in good 
agreement with previous studies [102]. 
 
3.3.5 Magnetic Measurements  
The magnetic measurements can be effectively used to probe the antiferromagnetic 
behavior of LiFePO4 and in identifying the associated magnetic impurity phases, such as, Fe2P in 
the cathode materials [103, 104]. LiFePO4 belongs to a family of compounds which are 
nonmetallic, where, the d-electrons of the iron remain localized in the vicinity of the iron lattice 
sites and the Fe
3+
 and Fe
2+
 ions play significant role in the behavior of the material compared to 
the metallic compounds. Due to the localization of spins, and hence their magnetic moments, the 
simple Curie-Weiss law is applicable to explain their magnetic behavior.  
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Temperature dependent dc magnetization measurements were performed on the uncoated 
LiFePO4 and C-LiFePO4 samples using an applied field of 500 Oe. The magnetizations versus T 
curves are shown in Fig. 3.4 (a) for samples A-C. 
 
Figure 3.4 Temperature dependence of (a) Magnetization and (b) Inverse molar susceptibility for 
LiFePO4 and C-LiFePO4 samples.  
 
We clearly observe an antiferromagnetic transition at ~50 K in all the samples 
corresponding to LiFePO4. The transition at ~ 220 K (in sample B) is due to the presence of 
ferromagnetic Fe2P impurity phase which has been reported in the literature [103, 104].
 
However, such a transition was not observed in samples A and C. The plots of inverse molar 
magnetic susceptibility (1/χm) as a function of temperature clearly show paramagnetic behavior > 
50 K in these samples (see Fig. 3.4 (b)). The data in the paramagnetic region was simulated using 
Curie-Weiss law 
c
m
m
TT
C

    (3.1)  
where, Cm is the molar Curie constant associated with the effective magnetic moment, μeff = 
(8Cm)
1/2 
[105], and Tc is the Curie-Weiss temperature. When the Curie constant is determined 
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experimentally by fitting the linear χmol
−1
(T) curve in the paramagnetic domain, one can estimate 
the experimental value of the effective magnetic moment μeff. This quantity is effectively 
dimensionless, but is often stated as in units of Bohr magneton (μB). The estimated magnetic 
moment is calculated to be ~ 5.8 μB, 22.8 μB and 5.16 μB for samples A, B and C, respectively.  
Given that a theoretical value ~ 4.9 μB is calculated from the spin-only value of Fe
2+
 in its high 
spin configuration [106], the higher values of measured magnetic moments suggest the presence 
of Fe
3+ 
impurity phase and/or an orbital moment contribution from the Fe
2+ 
ions. One of the 
reasons for the observed higher magnetic moment for sample B could be due to the presence of 
Fe2P impurity phase as detected in the magnetization measurements (Fig. 3.4 (a)) and/or a small 
amount of reduced superparamagnetic iron (pure Fe) in the sample. However, one expects that if 
the pyrophoric metallic iron nanoparticles are formed, they will immediately oxidize in air to 
form iron oxides. 
 
Figure 3.5  Magnetic moment versus magnetic field for LiFePO4 and C-LiFePO4 samples 
 
Figure 3.5 shows the magnetic field dependence of magnetic moments at different 
temperatures above and below antiferromagnetic transition temperature for the pristine and the 
carbon coated LiFePO4 samples. The observed nonlinearity in the M vs. H graph indicates the 
presence of the ferromagnetic impurity phases. 
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3.3.6  
57
Fe Mössbauer spectroscopy measurements 
The room temperature 
57
Fe Mössbauer spectra for the uncoated LiFePO4 (sample A) and 
C-LiFePO4 samples B and C are shown in Fig. 3.6. All the samples show a dominant symmetric 
doublet with an IS  ~ 1.22 mm/s and QS ~ 2.94 mm/s in  agreement with the literature values for 
ferrous iron in LiFePO4 [59, 107].
 
The large Mössbauer parameter values of this dominant 
doublet are due to the Fe
2+
 high spin configuration of the 3d electrons and the distorted 
environment at the Fe atom. In addition, we notice  another doublet with IS ~ 0.4 mm/s and a 
smaller QS ~ 0.6-0.9 mm/s which is assigned to ferric iron in the sample originating mostly from 
amorphous impurity phases such as FePO4 and/or Fe2P produced by high temperature annealing 
in a partial reducing environment of Ar/H2 atmosphere. Compared to LiFePO4, the value of IS 
for this doublet is smaller because the removal of lithium is accompanied by a decrease of one of 
Fe 3d electron per Fe changing from high spin Fe
2+
 (in LiFePO4) to high spin Fe
3+
 (in FePO4). 
Even though we used stoichiometric amounts of precursors during the initial synthesis process, 
as the lithium compounds have higher vapor pressure at elevated temperatures, the lithium 
deficient regions may form in the final compound of LiFePO4. This affects the electronic 
structure near the Fermi surface as discussed later under XPS results. The decrease in Fe 3d 
electron also influences the shape of the Fe 3d electron density which is reflected in the decrease 
in the QS value.    
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Figure 3.6 Mössbauer spectrum of (a) LiFePO4, (b) LiFePO4 + 0.75M LA, and (c) LiFePO4 
3.00M LA samples. 
 
 
Table 3.1 
57
Fe Mössbauer parameters for LiFePO4 and C-LiFePO4 samples 
  Sample IS   0.01 
(mm/s) 
QS  0.04 
(mm/s) 
LW 0.02 
(mm/s) 
Percentage Assignment  
LiFePO4 1.22 2.94 0.30 85% Fe
2+
(LiFePO4)  
 0.35 0.59 0.40 15% Fe
3+
  
LiFePO4 + 
0.75M LA 
1.22 2.95 0.30 90% Fe
2+
(LiFePO4)  
 
0.44 0.93 0.70 10% Fe
3+
 
LiFePO4 + 
3.00M LA 
1.22 2.92 0.30 87% Fe
2+
(LiFePO4)  
 
0.41 0.81 0.52 13% Fe
3+
 
      
 
The Mössbauer parameters for different iron species in the samples are listed in Table 
3.1. We notice that the values of IS and QS for amorphous FePO4 impurity phase in LiFePO4 is 
closer to the values for crystalline FePO4. These parameters are in close agreement with the 
reported values of tetrahedrally coordinated Fe
3+
 ions [108, 109]. For all C-LiFePO4 samples, 
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this impurity phase has higher IS and QS values indicating octahedrally coordinated Fe
3+
 ions 
[108, 109]. Also, the octahedral Fe
3+
 ions have much larger line width compared to the 
tetrahedral Fe
3+
 ions indicating a distribution of QS in these samples. Such a distribution is 
related to the structural distortion in the environment of the absorbing ion which could be 
associated with the amorphous nature of the FePO4 phase. Having low crystallinity, this phase is 
not detected by XRD. The formation of such phase has been reported in the literature [108, 109]. 
But their role in electrical conductivity and electrochemical properties of the cathode material 
has been the subject of many discussions [110, 111]. The formation of such an impurity phase 
could occur by the carbothermal reduction reactions at 600 
o
C. These phases are either 
amorphous or nanosized and most often precipitate at the grain boundaries making it difficult to 
be detected by XRD. Mössbauer spectroscopy is well suited for detecting such phases. The better 
electrochemical performance of sample B in comparison to the rest of the samples is perhaps due 
to the presence of electronically conductive Fe2P phase. However, the overall electrical 
conductivity in these samples is a function of particle size, their morphology and the amount of 
carbon coverage.   
 
3.3.7 XPS measurements 
  XPS measurements allow differentiation of oxidation states of iron in the coated LiFePO4 
and C-LiFePO4 which could be used to corroborate the findings from the Mössbauer 
spectroscopy investigation.  The Fe elemental XPS spectra are shown in Fig. 3.7. All the spectra 
were fitted with three peaks, two at 710 and 714.5 eV are due to Fe
2+ 
ions in LiFePO4 and the 
third one at 712 eV arises from Fe
3+
 originating mainly from FePO4 and/or Fe2P in agreement 
with the literature values[112]. The amount of ferric iron determined by XPS is ~ 11-12 % for all 
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our samples in agreement with the values ~10-15% determined from Mössbauer spectroscopy 
measurements. 
Figure 3.7 XPS spectra of Fe in (a) LiFePO4, (b) LiFePO4 + 0.75 M LA, and (c) LiFePO4 + 3.00 
M LA samples. Solid lines are fitted and dots are experimental data. 
 
3.3.8 Electrochemical Performance  
Electrochemical performance of the samples A-C was examined by charge–discharge 
cycle and compared as shown in Fig. 3.8(a). The cells were cycled between 2.2 to 4.2 V. The flat 
nature of the charge–discharge potential curves around 3.45 V indicates the lithium insertion in 
FePO4 and extraction from LiFePO4. The slopes at the beginning and at the end of charge-
discharge voltage profiles refer to the small solid solution miscibility as well as activation and 
concentration polarizations. The carbon coated samples (B and C) show better capacity (120 and 
155 mAh/g) compared to pure LiFePO4 (60 mAh/g) at C/3. The poor electrical conductivity of 
the pure sample limits the electron transport within and among particles and thus hinders the  
insertion/extraction of lithium-ion at the FePO4/LiFePO4 interface. We find that the nature of 
carbon coating of the nanoparticles and the reduced particle agglomeration play a significant role 
in improving the specific capacity. For example, the samples B and C possess a similar carbon 
concentration (wt. %) and electrical conductivity, but only the sample B shows a higher specific 
capacity. The reason behind this marked improvement could be due to a uniform coating of 
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carbon (8-10 nm), reduced agglomeration of nanoparticles with increased porosity, and perhaps 
due to the presence of Fe2P impurity phase. 
Figure 3.8 (a) Galvanostatic charge-discharge cycles for LiFePO4 and three C-LiFePO4 samples 
(b) Electrochemical behavior of three C-LiFePO4 samples at different discharge rates (c) Plots of 
specific capacity vs. cycle number for three C-LiFePO4 samples. 
 
 
The rate capability of the samples B and C was further characterized by applying 
different current densities during every five cycles. Figure 3.8 (b) shows the discharge rate 
capability at various C rates for the samples B and C. This figure clearly shows that sample B 
has a higher discharge capacity (155 mAh/g at C/3 rate) and it regains its capacity after cycling 
through very high current densities. The other two samples also show similar trends, however, 
with inferior capacity at different current densities. The cycle performance of the cells with C-
LiFePO4 was investigated up to 50 cycles and the results are given in Fig. 3.8(c). The uncoated 
LiFePO4 sample showed a very poor discharge capacity and hence it is not shown. The carbon-
coated LiFePO4 materials show excellent capacity retention without much degradation in the 
capacity due to cycling. The improved electrochemical properties are attributed to the nature of 
the uniformity of carbon coating of nanoparticles and the reduced agglomeration of nanoparticles 
thus facilitating the reversible electrochemical lithium-ion insertion/extraction process. 
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3.4 Conclusions  
We have studied the uncoated and carbon coated LiFePO4 cathode materials prepared by 
the sol-gel synthesis method. The samples were characterized by XRD, TEM, SQUID 
magnetomerty, 
57
Fe Mössbauer spectroscopy and XPS for their structural and compositional 
determinations. The electrochemical performance of the samples was measured using a standard 
CR2032 coin cell geometry with lithium metal as an active anode. The carbon-coated LiFePO4 
materials showed higher specific capacity compared to the uncoated LiFePO4, in particular, the 
sample with a uniform C-coating of 8-10 nm showed the best electrochemical properties (155 
mAh/g at C/3) compared to C-LiFePO4 samples with a thicker and non-uniform C-coated 
particles. The detailed analysis of Mössbauer spectroscopy and SQUID magnetomerty data of 
the samples showed the presence of 10 - 15% FePO4/Fe2P that could not be detected in XRD, 
indicating an amorphous nature of the impurity phases. We speculate these impurity phases are 
formed during annealing of samples at 600 
o
C under reducing atmosphere, resulting in a non-
stoichiometric cathode material. We attribute the improved electrochemical properties of C-
LiFePO4 to the formation of nanosized particles with uniform carbon coating leading to an 
improved "wiring effect" by conductive carbon. These results demonstrate that the nature of 
carbon-coating on LiFePO4 nanoparticles may play an important role in reversible 
electrochemical lithium-ion insertion/extraction process.  
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CHAPTER 4 
COMPARISON OF ELECTROCHEMICAL PERFORMANCE OF 
NANOSTRUCTURED C-LiFePO4 COMPOSITES PREPARED USING LAURIC, 
MYRISTIC AND OLEIC ACIDS 
 
The electrochemical properties are strongly dependent on the quality of the carbon 
coating the LiFePO4 nanoparticles. In this chapter, we present the results of our investigation on 
the effects of using different surfactants, differing in carbon chain length, on the electrochemical 
properties of LiFePO4 nanoparticles. We show that carbon sources and carbon content play a key 
role on improving the initial charge–discharge capacity of the LiFePO4/C cathode material. 
 
4.1 Introduction  
Carbon coating is one of the most commonly used methods for enhancing the electrical 
conductivity and the electrochemical performance of LiFePO4. The major role of the carbon 
coating is not only to significantly increase the electrical conductivity, but also to control the 
particle size by inhibiting the particle growth. The smaller particle size would be favorable for 
shortening the diffusion length of lithium ions. It has been found that the electrochemical 
properties of LiFePO4 are strongly influenced by the quality of the carbon coating, amount of 
carbon, the degree of graphitization, morphology and the distribution of the carbon on the 
LiFePO4 surface and in the grains boundaries [113, 114]. The degree of graphitization of the 
carbon, which is mainly determined by the carbon source used, is one of the important factors for 
the conductivity and rate behavior of LiFePO4 [115, 116]. The sp
2
 carbon coating is much more 
effective than sp
3
 carbon for improving electrical conductivity [117], and LiFePO4 coated with 
more graphitic carbon shows higher conductivity and exhibits better electrochemical properties 
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[118]. The ratio of carbon in disordered/graphitic (D/G) is often determined by the intensities of 
the Raman bands associated with sp
2
/sp
3
 vibrations [117]. 
Many carbon sources such as sucrose [119], carbonaceous polymers [120], aromatic 
diketones [121],  carbon rich precursors [122],  have been used in the past to coat LiFePO4 
particles. Different methods for carbon coating, such as adding vapor grown carbon fibers [123], 
carbon nanotubes [124] and graphene sheets [77] have been used and the results indicate that the 
carbon precursors have a strong influence on the properties of the LiFePO4/C composites [125]. 
It has been shown that the amount of carbon has a profound influence on the specific capacity of 
LiFePO4 and is found to increase with increasing carbon content up 12% and a further increase 
in carbon leads to a rapid decrease in specific capacity [102, 126]. Several explanations have 
been proposed for the poor performance, such as, the amorphous carbon diluting the density of 
the crystallite LiFePO4, the excess carbon suppressing the formation of crystalline LiFePO4, and 
formation of Fe2P phase due to reduction of Fe and P because of high carbon content and the 
high temperature used for preparing the samples. It is therefore very important to have the 
correct amount of carbon for optimizing the electrochemical properties and performance of 
LiFePO4 cathode material. Further, the thickness of carbon coating has been shown to play an 
important role in determining the conductivity of LiFePO4. A thickness of 3-8 nm seems to be 
optimum in producing the best discharge capacity due to the easy diffusion of lithium ion [127, 
128]. A number of organic precursors have been used for carbon coating, including, sucrose, 
glucose, organic carboxylic acid, citric acid and other organic reagents due to their low 
calcinations temperatures [129, 130]. 
 In any chemical reaction, surface of the material plays an important role. The surface 
properties of LiFePO4 are unknown, whether it is polar or non polar, hydrophobic or hydrophilic 
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depend on the synthesis technique and the nature of the material used for coating. An organic 
material with multiple functional groups, such as surfactants, can favorably interact with the 
complex surface structure of LiFePO4 very well because the surfactants are surface active 
compounds that are amphiphiles which consist of a polar ionic or non-ionic head and hydrophilic 
tail. Most surfactants are carbon rich materials, such C12 and C14 fatty acids, and in some studies 
olive oil, soybean oil and butter have been used for carbon coating LiFePO4 [131]. Fatty acids 
can coat LiFePO4 in different ways, including micelle or reverse micelles or their long chains can 
wrap around the active material. It is of interest to study the effects of coating with saturated and 
unsaturated fatty acid and determine the effects on uniformity of carbon coverage, particle size, 
morphology, and rate capability of the cathode material. 
The other factor that influences the properties and performance of LiFePO4 as a cathode 
material is the presence of the impurity phases.  Impurity phases, with higher conductivity, that 
precipitate at the grain boundaries have been shown to improve rate capability [97]. However, 
the effect of impurities on electronic conductivity and electrochemical performance is poorly 
understood as some impurities favorably impact electronic conductivity and electrochemical 
performance whereas others affect adversely. It is generally observed that most impurities that 
appear as Fe (III) ion prevent LiFePO4 from achieving its optimum performance.  
In this study, we have investigated LiFePO4/C composite materials prepared by sol-gel 
technique using lauric, myristic and oleic acids as surfactants for carbon coating. Lauric acid 
(C12H24O2) and myristic acid (C14H28O2) are saturated fatty acids with no -C=C- double bonds 
whereas the oleic acid (C18H34O2) is a monounsaturated fatty acid containing one double bond. 
These fatty acids, which differ in chain length and chemical bonds, may assist the formation of 
nano-sized LiFePO4  particles, influence the nature of carbon being deposited on these particles 
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affecting the electronic conductivity, and hence the electrochemical properties of LiFePO4/C 
composites. The structural and physical properties of LiFePO4/C composites were characterized 
by x-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM), FTIR, and Raman Spectroscopy. 
57
Fe Mössbauer spectroscopy has been 
used to identify the Fe (III) impurity phases. The electrochemical properties (charge transfer 
resistance, Li-ion diffusion coefficient, charge/discharge capacity, rate capability and cyclic 
stability) have been measured and correlated with their particle size and morphology. We find 
the particle size, morphology, quality of the carbon coating, and the impurity phases significantly 
influence the electrochemical behavior of the cathode materials. 
 
4.2 Experimental Details 
LiFePO4 and carbon coated LiFePO4/C samples were prepared by sol-gel technique, by 
mixing CH3CO2Li2H2O (lithium acetate dihydrate, 99%, Alfa Aesar), FeCl24H2O (ferrous 
chloride, Fisher Scientific), and P2O5 (phosphorous pentoxide, Fisher Scientific) as precursors in 
stoichiometric ratio.  Solutions of 1 M ferrous chloride and phosphorus pentoxide in 1 M 
strengths were prepared separately in dry ethanol (200 proof), mixed together under nitrogen 
environment and stirred for three hours for homogeneous mixing. This was followed by the 
addition of 1 M lithium acetate solution in dry ethanol and stirred under nitrogen environment 
for another three hours to allow the sol formation. For preparing the carbon coated samples, a 
0.75 M solution of surfactant (LA, MA or OA), dissolved in dry ethanol, was added to the final 
mixture and stirred for another three hours under nitrogen environment. The resultant sol was 
then dried at 80
 o
C to form dry powder which was then ground and annealed under reduced 
environment of H2 (10%) and Ar (90%) at 600
 o
C for 5 hours. Carbon content of the samples was 
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measured by CHN elemental analyzer, where, the sample is combusted in a pure oxygen 
environment; the gases are carried through the system by helium, converted and measured as 
CO2, H2O and N2. The product gases are separated under steady-state conditions and are detected 
by thermal conductivity. The overall carbon content was found to be approximately 8 % in these 
three samples. In what follows, we refer to the samples prepared with lauric, myristic and oleic 
acids as sample A, B, and C, respectively, and the bare LiFePO4 without any additive as sample 
D. 
 
4.3 Results and Discussion 
4.3.1 X-ray Diffraction  
The XRD patterns (Fig. 4.1) confirm the phase purity of crystalline LiFePO4/C samples 
(A-C), and bare LiFePO4 sample (D).  Clearly, XRD patterns look similar and the Bragg peaks 
can be indexed to a single and well crystallized LiFePO4  phase possessing an ordered olivine 
structure with a Pnma space group (PDF file No : 40-1499). This indicates that the addition of 
carbon using surfactants has no negative influence on the formation of LiFePO4 crystal structure 
in these samples.  
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Figure 4.1 XRD patterns of LiFePO4/C and LiFePO4 samples A (a), B (b), C (c) and D (d). 
 
The crystallite size d was calculated using the Scherrer’s equation (Eq. (2.2)). The 
crystallite sizes for sample A, B, C, and D were found to be approximately 28, 30, 40 and 50 nm, 
respectively. Thus, the mean crystallite size of the LiFePO4 decreased when the fatty acids are 
used to in the synthesis LiFePO4/C composite nanostructures.   
 
4.3.2 Scanning Electron Microscopy 
Figure 4.2 (a-d) shows the SEM images of samples A, B, C and D. The carbon coated 
samples show distinctly different morphology and microstructure compared to the bare LiFePO4 
sample. The carbon coated samples, particularly, for samples A and B prepared with lauric and 
myristic acids show fine grains ( 0.1 µm) with uniform morphology and porosity compared to 
sample C prepared with oleic acid and sample D (without surfactant).  Perhaps the smaller grains 
allow shorter diffusion length for Li ions in the intercalation/ deintercalation process, and thus 
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the type of fatty acid used to prepare LiFePO4/C plays a crucial role in controlling the 
morphology, the grain size, and hence the electrochemical properties. 
 
Figure 4.2 SEM images of LiFePO4/C and LiFePO4 samples A (a), B (b), C (c) and D (d). 
 
4.3.3 Transmission Electron Microscopy (TEM) 
 To investigate the nature of the carbon coverage in the LiFePO4/C samples, TEM 
measurements were performed and the results are shown in Fig. 4.3 (a-d) for samples A, B, C 
and D. The wiring effect of carbon in connecting interfaces between LiFePO4 particles leading to 
a remarkable enhancement in electrical conductivity, especially with uniform carbon coating, has 
been reported [97, 132]. Samples A-C clearly show the presence of carbon coverage around 
LiFePO4 particles with differing uniformity.  The sample A, prepared with lauric acid, shows 30-
50 nm sized particles coated with carbon of  8 nm thickness. On the other hand, samples B and 
C, prepared with myristic and oleic acids, show slightly larger size particles (50-100 nm) with 
regions of carbon interspersed between them.  
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Figure 4.3 TEM images of LiFePO4/C and LiFePO4 samples A (a), B (b), C (c) and D (d). 
 
4.3.4   Fourier-transform infrared (FTIR) spectroscopy: 
FTIR is an efficient tool to investigate the molecular vibration and thus it is a good means 
of studying the local structure of samples. The positions and intensities of the internal modes in 
the spectra of the pure and C-LiFePO4 samples are shown in Fig. 4.4 and are in good agreement 
with those of the LiFePO4 olivine and give no evidence to any impurity phase. The IR absorption 
bands of LiFePO4 are primarily due to stretching and bending modes associated with tetrahedral 
phosphate, PO4, octahedral FeO6 and LiO6 vibrations. The bands located from 600 to 1139 cm
-1
 
are the internal modes that corresponding to the intramolecular vibrations of the PO4
3-
 oxyanion 
[133]. They involve the displacement of oxygen atoms at frequencies closely related to those of 
the free molecule LiFePO4 [134], suggesting that this part of the spectrum is not sensitive to any 
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surface effects, and explains why the bare LiFePO4 and C-LiFePO4 samples have the same IR 
spectra.  
 
 Figure 4.4 FTIR spectra of LiFePO4/C and LiFePO4 samples A (a), B (b), C (c) and D (d). 
 
The band observed at 962 cm
−1 
is assigned to the symmetric P-O stretching (ν1); the 
bands at 1044, 1094 and 1136cm
−1
 are assigned to the anti-symmetric P-O stretching mode; the 
band at 637 cm
-1
 is attributed to the anti-symmetric O-P-O bending modes (ν4). This low wave 
number (ν4) is sensitive to the local lithium environment [67]. The bending modes (ν2) and (ν4) of 
the (PO4)
3−
 anion are localized in the 570–420 cm−1 wavenumber range [135]. Below 400 cm−1, 
there exist peaks (not shown here) that are assigned to external modes or lattice vibrations, those 
being primarily due to translations and librations of the (PO4)
3−
 anions, but also to translation 
motions of the Fe
2+
 and Li
+ 
ions [135]. As a result, FTIR spectra confirm that carbon is being 
coated on the surface of the LiFePO4 particles and does not penetrate inside the particles as we 
declared. 
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4.3.5 Raman Spectroscopy 
Raman spectroscopy is a very useful tool for investigating the nature of carbon in 
LiFePO4/C samples. Figure 4.5 (a-d) shows the Raman spectra of carbon-coated and the bare 
LiFePO4 samples. LiFePO4 (Fig. 4.5d) shows the expected internal, bands arising from the intra-
molecular vibrations of the PO4
3− 
anion that occur above 800 cm
−1
, and the external modes 
(lattice vibrations), that occur below 800 cm
−1
 which arise primarily due to the vibrational 
motions related to FeO6 and LiO6 octahedra [134]. The LiFePO4/C samples show two strong and 
broad bands centered 1340 and 1594 cm−1 which are commonly observed in disordered carbons 
and are labeled as D and G bands [134]. The bands due to LiFePO4 particles are not seen in these 
spectra as the incident laser power was kept low (1 < mW) to prevent the decomposition of the 
sample due to laser beam heating, especially in the presence of carbon layer. The band at ~1600 
cm
−1
, whose position is close to that of the E2g mode of crystalline graphite, is assigned to the so-
called G band, and the broad-band at 1340 cm
−1
, so called the D band is associated with disorder 
induced mode of graphite near the zone-edge K point [136-138].   
As the Raman bands in D and G region of the spectra are broad the intensity profiles are 
often deconvoluted using four Gaussians or Gaussian-Lorentzian lines [76] and the two 
additional bands needed to satisfactorily fit the intensity profiles occur  1205 and 1520 cm−1 
and are assigned to sp
3
 type carbon which are often observed in amorphous carbonaceous 
compounds. The intensity ratios of the D and G bands (ID/IG) or the total intensity associated 
with sp
2
 to sp
3 
type carbon vibrations is often used to evaluate the nature of the carbon using the 
deconvoluted Raman bands [113]. We have fitted the Raman intensity profiles using four 
Gaussian-Lorentzian lines  (for example see Fig. 4a) and have estimated the intensity ratios ID/IG 
and Isp2/Isp3 = (I1340 + I1595) / (I1205+I1520). For all the three samples, A, B, and C, we found very 
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similar values for ID/IG  2 and Isp2/Isp3 1.2, which clearly indicate that the nature of the carbon is 
very similar in three LiFePO4/C samples.  
 
Figure 4.5 Raman spectra of LiFePO4/C and LiFePO4 samples A (a), B (b), C (c) and D (d). 
Deconvolution of D and G bands is also shown for sample A in (a). 
 
4.3.6   
57
Fe Mossbauer spectroscopy  
The room temperature 
57
Fe Mössbauer spectra for carbon coated samples A-C shown in 
Fig. 4.6 (a-c). All the samples show a dominant symmetric doublet with an isomer shift (IS)  ~ 
1.22 mm/s and quadrupole spilitting (QS) ~ 2.94 mm/s, in agreement with the literature values 
for Fe
2+
 high spin configuration of the 3d electrons and the distorted environment at the Fe atom  
in LiFePO4 [59, 107]. 
 
In addition, we notice another doublet with IS  0.42 mm/s and a QS  
0.82  mm/s which is assigned to ferric iron in the sample originating mostly from amorphous 
impurity phases such as FePO4 and/or Fe2P produced by high temperature annealing in a partial 
reducing environment of Ar/H2 atmosphere. As lithium compounds have higher vapor pressure 
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at elevated temperatures, the lithium deficiency in the final compound (LiFePO4) may result, 
even though stoichiometric amounts of precursors are used in the initial synthesis process. 
Compared to LiFePO4, the value of IS for this impurity doublet is smaller because the removal of 
lithium is accompanied by a decrease of one of Fe 3d electron per Fe changing from high spin 
Fe
2+
 (in LiFePO4) to high spin Fe
3+
 (in FePO4). The larger width of the peak clearly indicates the 
amorphous nature of this phase. 
 
Figure 4.6 Mössbauer spectra of LiFePO4/C samples A (a), B (b) and C (c) 
 
The values of the Mössbauer parameters and the composition of the phases for carbon-
coated samples are listed in Table 4.1. It is interesting to note that the amount of the Fe
3+
 
impurity phase increases from 9% in sample A (prepared with lauric acid) to 17% in the 
sample C (prepared with oleic acid). As discussed later, the samples with smaller amount of 
impurity phase show larger capacity and improved electrochemical properties.  
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Table 4.1 
57
Fe Mossbauer parameters for LiFePO4/C composites synthesized 
with long chain fatty acids for carbon coating 
Sample  IS 
(mm/s)  
QS 
(mm/s)  
LW 
(mm/s)  
Percentage  Assignment  
A (LiFePO4+LA)  1.22  
0.42  
2.95  
0.81  
0.28  
0.47  
91%  
9%  
Fe
2+
(LiFePO4)  
Fe
3+
  
B( LiFePO4+MA)  1.22  
0.43  
2.92  
0.82  
0.29  
0.70  
87%  
13%  
Fe
2+
(LiFePO4)  
Fe
3+
  
C(LiFePO4 + OA)  1.23  
0.42  
2.98  
0.80  
0.31  
0.66  
83%  
17%  
Fe
2+
(LiFePO4)  
Fe
3+
  
 
 
4.3.7   Electrochemical Measurements 
Figure 4.7 shows the Nyquist plots for samples A, B, C and D. The curves consist of two 
distinct parts: a semicircle and an inclined line. 
 
Figure 4.7 Nyquist plots of LiFePO4/C and LiFePO4 samples. 
 
Based on a simple equivalent circuit model the first intercept of the semicircle on the real 
part of the impedance plot represents the electrolyte solution resistance Rs, diameter of the 
semicircle gives the value of charge transfer resistance Rct, and the inclined line represents 
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Warburg’s resistance, Rw, mainly due to ion diffusion. As the charge transfer at the lithium 
surface (anode) is fast and has a high exchange current density, the impedance plot is dominated 
by the charge transfer at the cathode side. The Rct values are 150, 285, 340, and 585 Ω for 
samples A, B, C, and D, respectively. Clearly, these results indicate that the conductivity of 
LiFePO4/C is significantly higher than that of the bare LiFePO4, and the carbon coating leads to 
a reduction in charge transfer resistance in LiFePO4/C composites. The presence of impurity 
phases, such as Fe2P at the grain boundaries, can also influence the electrical conductivity of the 
particles. Our electrochemical measurements, discussed later, show that the particle size, the 
degree of agglomeration, and the nature of carbon coating around active electrode material play a 
key role in enhancing the electrochemical properties of the cathode materials which is in good 
agreement with previous reports  [99, 139]. 
The electrochemical behavior of LiFePO4/C cathodes is characterized by cyclic 
voltammetry (CV).  Figure 4.8 (a-d) show the CV profiles of LiFePO4/C electrodes at different 
scan rates in the range of 0.2  5 mV/s. The CV profile show anodic (charge) and the cathodic 
(discharge) peaks corresponding to the charge–discharge reactions of the Fe2+/Fe3+ redox couple 
with midpoint of ~3.43 V, which corresponds to the open-circuit voltage (OCV) of the LiFePO4 
electrode [140]. The CV profiles of LiFePO4/C (Fig. 4.8a, b and c) show higher anodic and 
cathodic peak currents compared to that of bare LiFePO4 (Fig. 4.8d). Furthermore, the peak 
shapes for the LiFePO4/C samples are sharper compared to the electrode prepared with bare 
LiFePO4, which has a broad peak indicating a slower kinetics.   
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Figure 4.8 CV profiles of LiFePO4/C and C-LiFePO4 samples with different scan rates. 
 
 From the CV data obtained with a scanning rate of 0.2 mV/s, the difference between the 
anodic and cathodic peak voltages (hysteresis) has been found to be ~ 0.27 V for samples  A and 
B,  whereas slightly higher values of 0.31 and 0.40 V for samples C and D. These results are 
consistent with slower kinetics and larger over-potentials exhibited by samples C and D 
compared to samples A and B.  
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Figure 4.9 Randles-Sevčik plot (Ip vs. 
1/2
) of normalized peak current vs square root of the scan 
rate. 
 
For small scan rates, the anodic and cathodic peak currents vary nearly linearly with the 
square root of the scan rate, indicating that the Li-ion insertion/extraction in LiFePO4 is a 
diffusion controlled process [140].  Figure 4.9 shows such plots for anodic currents in samples 
A-D. According to Eq. (2.6), Ip versus ν
1/2
 is linear and the diffusion coefficient can be estimated 
from the slope of this line, and is estimated to be 2.4×10
-10
, 0.98×10
-10
, 0.6×10
-10
, and 0.9×10
-11 
cm
2
/s for samples A, B, C, and D, respectively (see Fig. 4.9), which agree with the literature 
values [141-143]. The LiFePO4/C prepared with lauric acid (sample A) exhibits the highest Li-
ion diffusion coefficient and the bare LiFePO4 (sample D) the lowest. 
 Coin cells prepared with LiFePO4 and LiFePO4/C cathodes were galvanostatically 
charged and discharged between 2  4.2 V versus lithium at various C-rates.  Figure 4.10 (a) 
shows the charge-discharge profiles of the cathodes prepared with samples A, B, C, and D 
measured at a rate of C/3. The flat nature of the charge-discharge potential curves around 3.45 V 
indicates the typical two phase nature of the lithium extraction and insertion reactions between 
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LiFePO4 and FePO4 [144]. The sloped parts of the profiles at the beginning and at the end refer 
to the charge transfer activation and concentration polarizations.  
 
 
Figure 4.10 (a) Galvanostatic charge-discharge cycles for LiFePO4/C and LiFePO4 samples at 
C/3 rate (b) Capacity at different rates for LiFePO4/C samples (c) Capacity vs. cycle number for 
LiFePO4/C samples at C/3 rate. 
 
The measured specific capacity values at C/3 for samples A, B, C and are 155, 149, 138 
and ~ 65 mAh/g, respectively, and this observed trend is consistent with the charge transfer 
resistance of these samples. This clearly shows that the carbon coating of LiFePO4 using 
surfactants improves the conductivity and hence the specific capacity. The significant 
improvement observed in the electrochemical kinetics of the LiFePO4/C composite samples 
could be attributed to a number of factors, such as, improved electrical conductivity, reduced 
particle size and increased porosity. 
The rate capability of the three samples A, B and C was characterized by applying 
different currents. Figure 4.10 b shows the capacity of samples A, B and C measured at C/2, C/3, 
2C and 5C rates during every five cycles. The bare LiFePO4 sample showed very poor 
performance and therefore is not included here. A gradual decrease in discharge capacity with 
increase in C rate is evident, as is generally the case for all electrodes. This is attributed to the 
increased IR voltage loss and higher concentration polarization at the electrode/electrolyte 
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interface to meet the fast reaction kinetics at higher C rates [145].  At higher C rate (5C), the 
supply of electrons from the interface electrochemical reaction becomes a problem leading to 
lower specific capacity. Sample A delivers a speciﬁc capacity of 155 mAh/g (C/3) and shows a 
similar value during the subsequent 5 cycles (Fig. 4.10(b)). The discharge capacity decreases 
while the over-potential increases with increasing C rate. At a higher current density of 5C, the 
sample A still retains a discharge capacity of ~ 90 mAh/g.  However, for samples B and C the 
values drop to 80 and 65 mAh/g, respectively. Clearly, samples B and C suffer a serious capacity 
loss at a higher current density of 5C, which may be due to the insufficient surface electronic 
contact in these samples compared to sample A. As discussed earlier, the grains are completely 
coated with a uniform carbon layer in sample A and are in close contact with other grains.   
Samples A, B and C show excellent cycling stability (see Fig. 4.10(c)) with specific 
capacity remaining nearly constant over 100 cycles. However, sample D showed somewhat 
faster degradation in specific capacity over first few cycles compared to other samples and it 
failed after 40 cycles. The observed excellent cycling characteristics combined with improved 
kinetics of LiFePO4 confirm the role of optimizing the particle size, porosity, and electrical 
conductivity of the LiFePO4 electrode material through effective carbon coating using 
appropriate surfactant.  
 
4.4 Conclusions  
 Nano-sized LiFePO4/C composites with improved electrochemical performance have 
been synthesized by a sol-gel method using saturated (lauric and myristic acids) and unsaturated 
(oleic acid) fatty acids differing in carbon chain length as the sources of carbon. The 
microstructual investigation of LiFePO4/C samples shows that the particle size and the nature of 
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the carbon coating depend on the type of surfactant used. While all LiFePO4/C samples prepared 
with three different surfactants show higher specific capacity, improved rate capability, and 
cycling stability compared to the uncoated  LiFePO4 sample, the LiFePO4/C composite prepared 
with lauric acid exhibits a higher discharge capacity compared to the samples prepared using 
myristic and oleic acids. Lauric acid, with a shorter carbon chain length, seems to arrest the 
particle growth effectively and coat the LiFePO4 particles uniformly with carbon, resulting in 
lower charge transfer resistance and higher Li-ion diffusion coefficient compared to other two 
samples. A non-uniform distribution of carbon and a higher amount of ferric impurity phase in 
LiFePO4/C composites prepared with myristic and oleic acids seem to decrease the 
charge/discharge capacity. Based on the results, the LiFePO4 coated with lauric acid may be a 
promising material for lithium secondary batteries.     
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CHAPTER 5  
ELECTROCHEMICAL PERFORMANCE OF NANOSTRUCTURED C-LiFePO4 
COMPOSITES PREPARED USING OLEIC ACID WITH EXCESS OF LITHIUM 
 
Research shows that deviation from ideal stoichiometry of LiFePO4 is useful to control 
the impurity phases and to optimize the electrochemical performance for LiFePO4. In this 
chapter we present the results of investigation on the effect of excess Li on the electrochemical 
performance of olivine LiFePO4 cathode materials.   
 
5.1 Introduction  
We have investigated the effects of carbon coating, particle size, morphology, on rate 
capability of the cathode material C-LiFePO4 synthesized in presence of saturated and 
unsaturated fatty acid surfactants. The microstructural investigations showed that the particle size 
and the nature of the carbon coating depend on the type of surfactant used. For example, lauric 
acid, with a shorter carbon chain length (C12H24O2), seems to arrest the particle growth 
effectively and coat the LiFePO4 particles uniformly with carbon, producing lower charge 
transfer resistance and improved electrochemical performance than the LiFePO4 formed using 
myrstic (C14H28O2) and oleic acids (C18H34O2). Perhaps, non-uniform coating and the presence of 
higher amount of ferric impurity phases, in C-LiFePO4 prepared with myristic and oleic acids, 
are the results of the poor performance of the cathode material. We showed that LiFePO4/C 
prepared with oleic acid had 17% of impurity phase that has negative effects on the overall 
capacity of the cathode materials. Although we synthesized all LiFePO4/C samples with 
stoichiometric amounts of precursors, the lithium deficiency due to heating at 600 
o
C in the final 
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steps may have resulted in a higher amount of ferric impurity phase. Our results therefore point 
to the importance of controlling the syntheses conditions and the choice of a suitable surfactant 
for carbon coating. Since C-LiFePO4 sample prepared [146] using oleic acid showed the 
maximum amount of the impurity phase, perhaps, due to the loss of Li, we added extra 5 mol% 
Li with the expectation that the amount of Li lost due to heat treatment at 600 
o
C would be 
compensated and may reduce the amount of ferric impurity at the end product. Our results show 
the extra 5 mol% Li not only reduces the amount of ferric impurity, but also enhances the 
electrochemical behavior of the cathode material.    
Several studies [147-149] have been reported on the excess and deficient lithium in the 
C-LixFePO4.  (x = 0.7 to 1.1) indicating improvement in the electrochemical properties compared 
to a stoichiometric compound. Most of the studies attributed the improvement to the reduced 
particle size when excess lithium is used and lattice defects for samples with lithium deficiency. 
The effects of the amount and the nature of the impurity phases in samples with excess and 
deficient lithium have not been investigated in detail. The purpose of our study is to investigate 
the effect of excess Li in C-LiFePO4 on the electrochemical performance with a special emphasis 
on the effects of impurity phases on the electrochemical properties of the samples.  In this work, 
we have prepared LiFePO4 with 5 mol % excess Li (Li1.05FePO4) and compared the results with a 
stoichiometric sample (LiFePO4). Both these samples were prepared using oleic acid as the 
surfactant to provide the source of carbon. The structural and physical properties of LiFePO4/C 
composites were characterized by x-ray diffraction XRD, TEM, and scanning electron SEM. 
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Fe Mössbauer spectroscopy was used to identify the impurity phases. The electrochemical 
properties (charge transfer resistance, Li-ion diffusion coefficient, charge/discharge capacity, rate 
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capability and cyclic stability) have been measured and correlated with their particle size and 
morphology. 
 
5.2 Experimental Details 
C-LiFePO4 and C-Li1.05FePO4 samples were prepared by sol-gel technique, by mixing 
CH3CO2Li2H2O (Lithium acetate dihydrate, 99%, Alfa Aesar), FeCl2.4H2O (Ferrous chloride, 
Fisher Scientific), and P2O5 (Phosphorous pentoxide, Fisher Scientific) as precursors. Solutions 
of ferrous chloride and phosphorus pentoxide in 1 M strengths were made separately in dry 
ethanol (200 Proof) and mixed together and stirred for three hours. After homogeneous mixing 
of ferrous chloride and phosphorous pentoxide solutions, in the case of C-LiFePO4, 1 M lithium 
acetate solution in dry ethanol was added to the previous solution under nitrogen environment to 
allow the sol formation in the case of C-LiFePO4; where 1.05 M lithium acetate was added in the 
case of C-Li1.05FePO4. After three hours of homogeneous mixing of lithium and iron solutions, 
0.75 M of Oleic acid as carbon source was added and kept for homogeneous mixing for next 
three hours for sol formation. All the steps were performed under a nitrogen atmosphere to 
exclude oxidation of the precursor. The final sol was dried at ~ 120 
o
C and the completely dried 
samples were annealed under reduced environment of H2 (10%) and Ar (90%) at 600 
o
C for 5 
hours, to get the single phase material.  
 
5.3 Results and Discussion 
5.3.1   X-ray Diffraction measurements  
Powder XRD pattern was recorded to confirm the phase purity of crystalline C-LiFePO4 
and C-Li1.05FePO4 nanocomposites (Fig. 5.1) synthesized by sol gel method. For reference, the 
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bare LiFePO4 was also prepared. No evidence of crystalline impurities was detected in the three 
samples. This confirms formation of single phase olivine LiFePO4, C-LiFePO4 and C-
Li1.05FePO4 compounds. Hence, the addition of carbon, using oleic acid, to the cathode materials 
has no negative influence on the formation of LiFePO4crystal structure. All the Bragg peaks can 
be indexed to a pure and well crystallized LiFePO4  phase, possessing an ordered olivine 
structure with a Pnma space group (PDF file No : 40-1499). 
The crystallite sizes for LiFePO4, C-LiFePO4 and C-Li1.05FePO4 were found to be 
approximately 50, 40, and 35 nm, respectively. Hence, the mean crystallite size of the LiFePO4 
decreased when oleic acid was used. Table 5.1 shows that lattice constants of these two samples 
are approximately similar. That shows that 5mol% of excess Li used formation of LiFeO4 had no 
effect on the change of the crystal structures and lattice constants. 
 
 
Figure 5.1 XRD patterns for LiFePO4, C-LiFePO4 and C-Li1.05FePO4 samples. 
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Table 5.1 Lattice parameters of C-LiFePO4 and C-Li1.05FePO4 powders 
Name a (Å) b (Å) c (Å) V (Å
3
) 
C-LiFePO4 10.336(5) 6.012(5) 4.688(2) 291.3(3) 
C-Li1.05FePO4 10.337(4) 6.019(4) 4.687(2) 291.6(3) 
  
 
5.3.2   Scanning Electron Microscopy (SEM) 
The morphology of C-LiFePO4 and C-Li1.05FePO4 samples analyzed by SEM 
measurements are shown in Fig. 5.2. Clearly, with excess Li the particle size decreases leading to 
an increase in the surface area. C-Li1.05FePO4 shows fine grains 0.3 m) with uniform 
morphology and porosity compared to C-LiFePO4, where, the particles agglomerate together and 
grow into larger size and non-uniform agglomerated particles which affects adversely on the 
specific capacity of the cathode material, particularly at higher rates as discussed later. Perhaps 
the smaller grains allow shorter diffusion length for Li ions in the insertion/extraction process. 
Hence, the excess of lithium plays a crucial role in controlling the morphology, the particle size, 
and the electrochemical performance. 
 
Figure 5.2 SEM images of C-LiFePO4 and C-Li1.05FePO4 samples. 
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5.3.3   Transmission Electron Microscopy (TEM)  
Figure 5.3 is showing the TEM images of C-LiFePO4 and C-Li1.05FePO4 samples. It 
shows that oleic acid form a conductive network between the particles. Clearly, the 
agglomeration is reduced and more spherical shape particles are formed when excess lithium is 
used. These might be due to the formation of inert impurity phases that suppress the particles 
grain growth.   
 
Figure 5.3 TEM images of C-LiFePO4 and C-Li1.05FePO4 samples 
 
 
5.3.4    
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Fe Mossbauer spectroscopy 
Mössbauer spectroscopy has been used to study the Fe valence state, local environment 
of Fe ions and the relative amounts of iron containing phases in the LiFePO4 and Li1.05FePO4 
samples. Room temperature Mössbauer spectra for both samples show similar symmetric 
doublets, as shown the Fig. 5.4. The Mössbauer spectrum for C-LiFePO4 has been resolved into 
two doublets and that for C-Li1.05FePO4 sample into three doublets denoted as A (red), B (green), 
and C (magenta), respectively. The values of the fitted parameters are listed in Table 5.2. 
80 
 
 
Figure 5.4 Mössbauer spectra of C-LiFePO4 and C-Li1.05FePO4 
 
 
 
Table 5.2: Mossbauer parameters for C-LiFePO4 and C-Li1.05FePO4 samples 
 
 
 
 
 
For A (red) doublet, the isomer shift value IS = 1.23 mm/s, is typical for the octahedral 
Fe
2+
 in ionic compounds LiFePO4 [59, 107]. The large quadruple splitting value, QS = 2.98 
mm/s, is possibly due to the high spin configuration of 3d electrons and the asymmetric local 
environment at the Fe ions at the M2 site in the olivine structure [150]. The doublet B (green) 
was not observed for the stoichiometric C-LiFePO4 sample. The QS for B doublet (green) in C-
Li1.05FePO4 sample is relatively smaller at ~1.54 mm/s, indicating a smaller electric field gradient 
of Fe ions compared to that in the M2 site. It is well established from theoretical calculations that 
the electron density distribution of Fe ions in the M1 sites is more uniform than that in the M2 
Sample IS 
(mm/s) 
QS 
(mm/s) 
Line width 
Γ (mm/s) 
Percentage 
C-LiFePO4 1.23 
0.42 
2.98 
0.80 
0.31 
0.66 
83% (Fe
2+
) 
17% (Fe
3+
) 
 
C-Li1.05FePO4 
1.24 
0.44 
1.21 
2.95 
0.75 
1.54 
0.29 
0.39 
0.64 
88 % (Fe
2+
) 
5.4% (Fe
3+
) 
7.6%  
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sites [98]. Therefore, we concluded that B (green) doublet could be corresponding to Fe ions in 
the M1 sites. We also observed another doublet, C (magenta) for both C-LiFePO4 and C-
Li1.05FePO4 samples. The IS and QS values for this doublet are fairly small, which ascertains the 
presence of Fe
3+
 at the octahedral sites with a high spin state [53]. It is also noticed that the IS 
and QS values for the C (magenta) doublet did not match well with any reported values for 
delithiated olivine LiFePO4 [151, 152]. In addition, the QS ~ 0.75-0.80  mm/s, for the doublet C, 
is much larger than that of 0.43 mm/s for Fe2P [153], an impurity often reported for LiFePO4 
[154]. Therefore, the doublet C should correspond to the Fe ions in the distorted octahedral sites. 
Based on these observations, it is reasonable to conclude that Fe
3+
 ions detected by Mössbauer 
spectroscopy measurements should occupy the M2 sites because of the following reasoning: (1) 
our XRD results show both samples are single phase, which excludes the contribution of a 
crystallite impurity containing Fe
3+
 ions, (2) in LiFePO4 lattice, most Li
+
 ions are at the M1 sites, 
while Fe
2+
 ions occupy the M2 sites. If Fe
3+
 ions were incorporated into the M1 sites, a large 
charge difference between Fe
3+
 and Li
+
 would produce a lattice distortion and would cause 
lattice instability, and (3) during the discharge process of LiFePO4, Fe
2+ 
ions in the M2 sites are 
oxidized into Fe
3+
 [155, 156] i.e. the presence of Fe
3+
 ions would not alter the lattice stability. 
The data analysis of Mössbauer spectrum of the C-Li1.05FePO4 sample therefore shows mixed 
valence states of +2 and +3. Similar IS and QS for Fe
3+
 ions in the M2 sites were also reported 
by Masquelier and co-workers [157]. Moreover, this doublet is not due to Fe pyrophosphate 
phase that has the IS = 0.464 mm/s and QS = 0.798 mm/s [158]. It is important to note that the 
amount of amorphous ferric ions impurity phase is reduced from 17% in C-LiFePO4 to about 6% 
in C-Li1.05FePO4 with doping a small amount Li in the olivine phase. This perhaps is one of the 
reasons for the improvement in the performance of the cathode material. 
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5.3.5   Electrochemical Measurements  
Figures 5.5 show the Nyquist plots for the C-LiFePO4 and C-Li1.05FePO4 samples. The 
curves consist of two distinctive parts: a semicircle and an incline line. Based on a simple 
equivalent circuit model the first intercept of the semicircle with the real part of the impedance 
plot represents the electrolyte solution resistance Rs, diameter of the semicircle gives the value of 
charge transfer resistance Rct, and the inclined line represents Warburg’s resistance Rw mainly 
due to ion diffusivity.  As the charge transfer at the lithium surface (anode) is fast and has a high 
exchange current density, the impedance plot is dominated by the charge transfer at the cathode 
side. The Rct values obtained from analysis of impedance spectra are 340 Ω, and 65 Ω for the C-
LiFePO4 and C-Li1.05FePO4 samples. Clearly, these results indicate that the conductivity of C-
Li1.05FePO4 is significantly higher than that of LiFePO4/C, which contributes in reducing the 
overall charge transfer resistances for these samples. This decrease in the charge-transfer 
resistance shows that Li ion and electron transfer are more feasible at the electrode, which is 
helpful to the kinetic behavior during charge-discharge process. 
 
Figure 5.5 Nyquist plots of C-LiFePO4 and C-Li1.05FePO4 samples 
 
According to Eq. (2.4), Z’ versus ω-1/2 is linear, while the slope of the fitting line 
represents the warburg coefficient σ. Figure 5.6 shows the plot of the real impedance with the 
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inverse square root of angular speed in the low frequency range. The diffusion coefficient of the 
lithium ions can be calculated based on Eq. (2.5), and is estimated to be 3.20×10
-15
 and 1.55×10
-
14
cm
2
/s for samples C-LiFePO4 and C-Li1.05FePO4, respectively. The results indicate that 
introducing 5 mol % excess Li into LiFePO4/C could efficiently enhance the Li-ion diffusion 
coefficient, which is consistent with the electrochemical performance.  
 
Figure 5.6   Linear relationship between Z’ and ω-1/2 in the low frequency region 
 
The electrochemical behavior of LiFePO4/C cathodes is also characterized by cyclic 
voltammetry (CV).  Figure 5.7 shows the CV profiles C-LiFePO4 and C-Li1.05FePO4 electrodes at 
different scan rates in the range of 0.2 - 5 mV/s.  
The CV profile show anodic (charge) and the cathodic (discharge) peaks corresponding 
to the charge–discharge reactions of the Fe2+/Fe3+ redox couple with midpoint of ~3.43 V, which 
corresponds to the open-circuit voltage (OCV) of the LiFePO4 electrode  [140]. The CV profiles 
of C-Li1.05FePO4 showed that anodic and cathodic peak intensities are much higher than the C-
LiFePO4 (Fig. 5.7). With Li excess, the shapes of the peaks are sharper than those for the 
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electrode of C- LiFePO4 that prepared by stoichiometric ratio, which has a broad peak that is the 
consequence of a slower kinetics.   
 
Figure 5.7 CV profiles of C-LiFePO4 and C-Li1.05FePO4 electrodes with different scan rates. 
 
Another observation from the CV profiles is that the potential difference between the 
anodic and cathodic peaks increases with increasing the scan rates. For small scan rates, the 
anodic and cathodic peak currents vary nearly linearly with the square root of the scan rate, 
indicating that the Li-ion insertion/extraction in LiFePO4 is a diffusion controlled process [140]. 
Figure 5.8 shows such plots for anodic currents in the two samples. 
Using Eq. (2.6), the diffusion coefficient was estimated to be 7.410
-11
, and 4.210-10 
cm
2
/s, for C-LiFePO4 and C-Li1.05FePO4, which agree with the literature values [141-143]. The 
LiFePO4/C prepared with 5 mol % excess Li exhibits higher Li-ion diffusion coefficient than the 
LiFePO4/C prepared with stoichiometric ratio, which is consistent with the electrochemical 
performance.  
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Figure 5.8  Randles-Sevčik plot (Ip vs. 
1/2
) of normalized peak current vs. square root of the scan 
rate. 
 
 Coin cells using C-LiFePO4 and C-Li1.05FePO4 cathodes were galvanostatically charged 
and discharged between 2 V and 4.2 V versus Lithium at various C-rates. Figure 5.9 (a) shows 
the charge-discharge profiles of these two cathodes measured at C/3. The flat nature of the 
charge-discharge potential curves around 3.45 V indicates the typical two phase nature of the 
lithium extraction and insertion reactions between LiFePO4 and FePO4 [144]. Meanwhile the 
sloped part of the profiles at the beginning and at the end refers to the charge transfer activation, 
concentration polarizations, and with the contribution from the limited solubility of the two end 
members, particularly for nanosize samples.  
 The specific capacity of C-LiFePO4 is 138 mAh/g at C/3 rate. With excess Li, the specific 
capacity improved to 155 mAh/g indicating the importance of adding a small amount of excess 
Li during synthesis. The significant improvement in the electrochemical kinetics of the C-
LiFePO4 powders could be attributed to a number of factors, such as, reduced particle size, the 
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porous structure of the phosphates, and improved electrical conductivity of the composite 
electrodes. 
 
Figure 5.9 (a) Galvanostatic charge-discharge cycles for C-LiFePO4 and C-Li1.05FePO4 samples 
at C/3 (b) Capacity at different rates for C-LiFePO4 and C-Li1.05FePO4 samples (c) Capacity vs. 
cycle number for C-LiFePO4 and C-Li1.05FePO4 samples at C/3 
 
The rate capability of the C-LiFePO4 and C-Li1.05FePO4 samples were characterized by 
applying different current densities during every five cycles. Figure 5.9 (b) compares the 
discharge capability at various C rates for the two samples during every five cycles. It is 
concluded that excess of Li can improve the high-rate discharge performance of LiFePO4/C 
composite. For example, at a higher current density of 5C, while the discharge capacity of C-
LiFePO4 is 65 mAh g
−1
 (5C), the sample C-Li1.05FePO4 still presents a discharge capacity of  90 
mAh g
−1
.  
The cycling performance of the C-LiFePO4 and C-Li1.05FePO4 is investigated, and the 
results are shown in Fig. 5.9 (c). Both samples show excellent cycling stability. The specific 
capacity after the early cycles is almost constant with the number of cycles for all the samples. 
The specific capacity of the sample C-Li1.05FePO4 was found to be higher than C-LiFePO4. 
However, there is no apparent degradation of both samples after 100 cycles. The observed 
excellent cycling characteristics combined with improved kinetics of LiFePO4 confirm the role 
of excess lithium.   
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5.4 Conclusions 
C-Li1+xFePO4 (x = 0 and 0.05) olivine cathode materials were synthesized by sol gel 
method. Oleic acid was used as surfactant to enhance the electrical conductivity. The sample 
with excess Li has smaller particle size (35 nm), higher electronic conductivity (~10
-3
), better 
rate capability (155 mAh/g) and cycling life compared to C-LiFePO4. We attribute the improved 
electrochemical properties of C-Li1.05FePO4 to the formation of nanosized particles (diffusion 
coefficient increased from 7.410-11 to 4.210-10 cm2/s) with uniform morphology. From 
Mössbauer spectroscopy analysis we found the amount of ferric impurity decreased from 17% to 
6% by adding 5 mol% extra Li in the LiFePO4 cathode material. A systematic study to determine 
the optimum amount of excess lithium and the role of the impurity phases on the electrochemical 
behavior will be the focus of our future investigations. 
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CHAPTER 6 
INVESTIGATION OF NANOSTRUCTURED INDIUM DOPED C-LiFePO4 
 
Doping appropriate metal ions into LiFePO4 represents a potential approach to enhance 
the electrochemical performance of LiFePO4. In this chapter, we present the preparation of 
indium doped LiFePO4 and its electrochemical properties.  
 
6.1   Introduction 
   Investigations have been performed by doping various cations in LiFePO4 at Li and Fe 
sites to improve the electrochemical properties. Effects of doping at Li site by Mg, Al, Na etc. 
have been found to improve electrochemical properties [159-161]. Doping isovalent ions, such 
as, Mn, Co, Ni, Zn at Fe site have shown significant improvement in the overall electrochemical 
properties [162]. A number of heterovalent ions such as Nd, Gd etc. at Fe site are found to have 
positive influence on the overall capacity value for the cathode material [81, 163, 164]. Cho et al. 
[165] doped La in LiFePO4 at the iron site and found  no effect on the structure of the material 
but the discharge capacity reached 156 mAh/g at C/5 rate by 1% La doping. Pang et al. [81] 
prepared LiFe1−xGdxPO4/C composites (x = 0, 0.02, 0.04, 0.06, 0.07, 0.08), and showed that 7% 
Gd doped sample gives the better electrochemical performance with capacity values of 150.7 
mAh/g, 125.9 mAh/g , 106.0 mAh/g and 81.3 mAh/g at 0.2 C, 1 C, 5 C and 10 C, respectively. 
According to the authors, doping Gd
3+ 
ion at Fe site can reduce the particle size , shorten the 
transport path of Li
+
 ion, and increase lattice disorder in LiFePO4/C. Zhao et al. [166] also 
studied Nd doping in different fractions and found  LiFe0.94Nd0.06PO4/C composite delivered a 
discharge capacity of 165 mAh/g, and 115 mAh/g at rates of 0.2 C, and 5 C. From theoretical 
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calculations, Islam et al. [13] suggested that trivalent indium ions doping could improve the 
electrochemical behavior of LiFePO4 similar to that produced by doping Nd
3+
, Y
3+
 ions. 
In this chapter, we report the effects of both carbon coating and indium metal doping on 
the electrochemical behavior of LiFePO4 cathode material. Both indium (In
3+
) and iron (Fe
2+
) 
metal ions have a comparable electronegativity (1.83-1.78) as well as crystal ionic radius (0.92-
0.94 Å) (see Appendix B). Therefore, we infer that In
3+
 ions are much more likely to replace the 
Fe site. The aim of our work is to show that coating LiFePO4 with both carbon-networks and 
tuning electronic conductivity by metal ion doping is effective in achieving better 
electrochemical properties, especially at high charge-discharge rates. 
 
6.2    Experimental Details 
In-doped C-LiFePO4 samples were prepared by sol-gel technique, using CH3CO2Li2H2O, 
FeCl24H2O, P2O5 and InCl3 as starting raw materials. These chemicals were mixed in 
stoichiometric ratio in dry ethanol and stirred for three hours; 0.75 M lauric acid, a carbon source 
and surfactant, was then added to the mixture. After three hours of mixing the sol was dried in 
nitrogen atmosphere. Only 1 mol% of InCl3 was added during the first step so that Fe:In ratio 
remained 99:1. The dried powder was ground and annealed under reduced environment of H2 
(10%) and Ar (90%). Two temperatures 600 
o
C and 700 
o
C were used to investigate the effects 
of annealing temperature with heating and cooling rate of 1 
o
C/min. Here on, we will call In-
doped-C-LiFePO4 sample annealed at 600 
o
C as C-LFP-In-600 and In-doped-C-LiFePO4 sample 
annealed at 700 
o
C as C-LFP-In-700. 
6.3 Results and Discussion 
6.3.1 X-ray Diffraction  
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The In-doped-C-LiFePO4 samples were analyzed by XRD to verify phase purity. For 
reference, the undoped sample C-LFP-600 was also prepared and its XRD pattern can be indexed 
to the orthorhombic LiFePO4 phase with space group Pnmb, according to the standard pattern of 
JCPDF 83-2092 (Fig. 6.1a). It clearly indicated that an olivine-type structure was well 
maintained upon doping 1 mol % of indium. We did notice a minor impurity phases that could be 
indexed to iron phosphide (Fe2P) and lithium phosphate (Li3PO4) in both C-LFP-In-600 and C-
LFP-In-700 samples (Fig. 1b and c). The crystallite sizes of the samples were calculated using 
Scherrer formula (Eq. 2.2); it was found to be around 30 nm for the three samples.  
The calculated lattice parameters and the unit cell volume (V) calculated using the XRD 
data and are summarized in Table 6.1. The unit-cell volume is almost constant for all the 
samples. This can be explained by based on Pauling’s ionic radii, i.e. the ionic radius of high 
spin In
3+
 (4d
10
, R = 0.94 Å) which is very close to that of high spin Fe
2+ 
(3d
6
, R = 0.92 Å) [167] 
(see Appendix B). 
 
 
 
Figure 6.1 XRD patterns of (a) C-LFP-600, (b) C-LFP-In-600 and (c) C-LFP-In-700 samples. 
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Table 6.1 Lattice parameters of the undoped and doped-C-LiFePO4 
 
 
 
 
 
 
 
 
6.3.2   Raman Spectroscopy 
 Figure 6.2 shows the Raman spectra of the C-LFP-In-600 and C-LFP-In-700 samples. 
The spectra clearly show the presence of carbon coating on the particles. In the ﬁrst order 
scattering, the samples show strong and sharp peaks around 1340 and 1594 cm
−1
, which are 
assigned to the D and G bands of the carbon in the samples. These two bands represent the 
fingerprints of the presence of disorder and graphitic carbon in the carbon coating of these 
particles. The band around 1600 cm
−1
 (G band) is assigned to the E2g stretching vibration of 
crystalline graphite, and the band around 1350 cm
−1
 (D band) is due to an activation of an 
otherwise symmetry forbidden mode by the defects in sp
3
 network [136, 137]. The band near 
1600 cm
−1
 for carbon-coated sample is very well known and assigned to the presence of the 
graphitic carbon layer covering the LiFePO4 particles[138].  
 
Figure 6.2   Raman Spectra of C-LFP-In-600 and C-LFP-In-700 samples. 
Name a (Å) b(Å) c(Å) V(Å
3
) 
C-LFP-600 10.345(7) 6.017(7) 4.690(3) 291.9(5) 
C-LFP-In-600 10.351(8) 6.022(7) 4.692(4) 292.5(5) 
C-LFP-In-700 10.344(8) 6.020(8) 4.691(4) 292.1(5) 
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It is also known that the sp
2
 carbon contributes to the electronic conductivity in the 
cathode materials. We calculated the ratio of intensity of these two peaks (ID/IG) in our samples 
and found the values to be almost similar to the undoped sample  
(ID/IG 2), as mentioned in Chapter 4. From this observation we conclude that the contribution of 
carbon coating to electronic conductivity is the same for these samples. The peaks corresponding 
to LiFePO4 crystal could not be seen due to coverage by carbon film. The absence of LiFePO4 
Raman bands is another indication that the most of the carbon are on the surface of the samples. 
 
6.3.3 Electrical Conductivity 
The electrical conductivity was measured for the samples at room temperature. The 
electronic conductivity value for the C-LFP-In-600 sample was found to be ~1 x 10
-4
 S/cm 
which is similar to the undoped sample. The conductivity of C-LFP-In-700 sample was measured 
810-3 S/cm. This improvement could be due to the presence of an impurity phase, such as Fe2P, 
at the grain boundaries.  
 
6.3.4 Scanning Electron Microscopy 
The morphology of the samples was analyzed by SEM (Fig. 6.3). The samples show 
nearly spherical particles with a uniform morphology and the grains seem to be porous. Liquid 
electrolytes can seep through the porous cathode materials which ultimately facilitate the Li ion 
migration to anode. The morphology of C-LFP-In-600 sample is very similar to the undoped 
sample [146], 1 mol% indium doping does not change the morphology and the crystallite size of 
the powders. Another important observation is that with increase in annealing temperature the 
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agglomerate size does not increase appreciably. This could be due to the fact that once the 
carbon coating is achieved; the particle growth and agglomeration are suppressed. In addition, 
the added carbon prevents the oxidation of Fe
2+
 to Fe
3+
. So, addition of the surfactant, lauric 
acid, is believed to play a crucial role in controlling the particle size and morphology of samples.  
 
Figure 6.3 SEM images of C-LFP-In-600 and C-LFP-In-700 samples 
 
6.3.5 Transmission Electron Microscopy 
We further investigated the nature of carbon coating in C-LFP-In-600 and C-LFP-In-700 
samples (Fig. 6.4) using TEM. 
 
Figure 6.4 TEM images of C-LFP-In-600 and C-LFP-In-700 samples 
 
We showed in Chapter 4 that the undoped C-LiFePO4 sample has nano-sized particles 
(20-50 nm) with uniform carbon-coating (~ 8-10 nm) and good dispersion. Doping indium does 
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not alter the morphology of C-LiFePO4 significantly, if the annealing temperature is maintained 
at 600 
o
C, perhaps, 1 mol % of indium is a small amount to modify the overall morphology. 
However, annealing C-LiFePO4 at 700 
o
C allow the particles to grow; though, by coating the 
particles, the growth of particles was limited to only ~ 80-100 nm (see Figure 6.4). The increase 
in particle size could be attributed to the higher crystallization degree of the sample prepared at 
higher temperature. 
 
6.3.6   
57
Fe Mossbauer spectroscopy 
The room temperature 
57
Fe Mössbauer spectra for the C-LFP-In-600 and C-LFP-In-700 
samples are shown in Fig. 6.5. As shown the Table 6.2, both samples show a dominant 
symmetric doublet with an IS  ~ 1.20 mm/s and QS ~ 2.92 mm/s in  agreement with the literature 
values for ferrous iron in LiFePO4 [59, 107].
 
The large Mössbauer parameter values of this 
dominant doublet are due to the Fe
2+
 high spin configuration of the 3d electrons and the distorted 
environment at the Fe atom.  
 
 
Figure 6.5 Mössbauer spectra of C-LFP-In-600 and C-LFP-In-700 samples. 
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Table 6.2 Mossbauer parameters for In-doped C-LiFePO4 samples 
 
In our previous work, we showed that the undoped C-LiFePO4 sample shows another 
doublet with IS ~ 0.42 mm/s and a smaller QS ~ 0.81 mm/s which was assigned to ferric iron in 
the sample originating mostly from an amorphous impurity phase produced by high temperature 
annealing in a partial reducing environment of Ar/H2 atmosphere (see Chapter 4). Mössbauer 
spectra of the In-doped LiFePO4 samples (Fig. 6.5) also show two doublets. The parameters of 
the first doublet once again are characteristics of high spin Fe
2+
; the parameters of the second 
doublet are different from the minor doublet observed in the undoped samples. The second 
doublet has been identified Fe2P which obviously has been produced in presence of In in the 
samples prepared at both 600 
o
C and 700 
o
C. The amount of this phase, identified also by XRD 
as Fe2P, is slightly higher in the sample annealed at 700 
o
C than the one annealed at 600 
o
C. It 
appears that the conducting Fe2P phase observed in XRD, Mössbauer and XPS measurements 
helps improve the electrochemical performance of the sample (capacity value of 166 mAh/g).  
 
6.3.7 X-ray Photoelectron Spectroscopy 
We performed elemental analysis using a Perkin-Elmer X-ray photoelectron spectrometer 
(XPS) equipped with Al K (1486.6 eV) x-ray monochromatic source. XPS allows us to access 
Sample IS(mm/s) 
±0.02 
QS (mm/s) 
±0.02 
LW(mm/s) 
±0.02 
Percentage Assignment 
C-LFP-In-600 1.22 
0.56 
2.92 
0.57 
0.32 
0.56 
89.0% 
11.0% 
Fe
2+ 
(LiFePO4) 
Fe
3+
 
C-LFP-In-700 1.21 
0.50 
2.92 
0.59 
0.30 
0.45 
87.6% 
12.4% 
Fe
2+ 
(LiFePO4) 
Fe
3+
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the local environment of atoms and their oxidation states. The technique, therefore, is used to 
differentiate between Fe
3+
 and Fe
2+
. The Fe elemental XPS spectra are shown in Fig. 6.6. 
 
Figure 6.6 XPS spectra of Fe of C-LFP-In-600 and C-LFP-In-700 samples 
 
The observed higher binding energy shift in Fe 3p XPS spectrum (not shown) suggests 
the presence of lithium in 1s state [168]. All the spectra were fitted with three peaks, two at 710 
and 714.5 eV are due to Fe
2+ 
ions in LiFePO4 and the third one at 712 eV arises from Fe
3+
 
originating mainly from Fe2P in agreement with the literature values [169]. The amount of ferric 
iron determined by XPS is ~ 10-13 % for all our samples which agrees well with the Mössbauer 
spectroscopy measurements (See Table 6.2). Since XPS is a surface sensitive technique, the 
results show the surface of the In doped C-LiFePO4 samples are covered with both C and Fe2P. 
The possibility of the presence of Fe2P in the grain boundaries however, cannot be ruled out. 
 
6.3.8 Electrochemical Measurements 
Electrical impedance spectroscopy (EIS) measurements were performed to study the 
effect of In-doping on electrode impedance. The impedance plot of the In-doped LiFePO4 can be 
fitted to two depressed semi-circles for high and intermediate frequencies and one straight line 
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characteristic of the Warburg diffusion dominated process at low frequencies (Fig. 6.7). The 
initial intercept of the semi-circle at highest frequency indicates the solution resistance (Rs) 
associated to the electrolyte. The first semicircle at high frequency can be related to the 
characteristic of solid electrolyte interface (SEI) layer and charge transfer resistance (Rct) at the 
electrode electrolyte interface. The intermediate semicircle corresponds to Rct in the bulk of 
electrode material. The inclined line in the low frequency range represents the Warburg 
resistance (Rw), which is associated with lithium-ion diffusion. A constant phase element (CPE) 
represents the double layer capacitance and passivation film capacitance [79]. The capacitance 
resistance is very small that it can be neglected.  
 
 
Figure 6.7   Nyquist plots of C-LFP-In-600 and C-LFP-In-700 samples 
 
Table 6.3 lists Rs, Rct and 0I  values for the two samples. It has been observed that Rs for 
the cells are very close to each other because the same electrolyte (1 M LiPF6 in EC/DMC 50:50 
solvent) was used in all the cells. On the other hand, Rct is lower in case of In doped samples 
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than pure sample. These results indicate a lower charge transfer resistance for the In doped 
samples as compared with that of the undoped samples [146]. This lower impedance of the In-
doped sample may help to overcome the kinetic activation over potential for the Fe
II
/Fe
III
 redox 
reaction during the charge–discharge process, and improve the capacity and cycling performance 
of the material.  
The apparent exchange current density 0I  has been calculated using Eq. (2.3), to measure 
the enhanced reaction rate of electrodes, and the results are listed in Table 6.3. For C-LFP-In-600 
electrode, 0I is 0.287 mA/g; for C-LFP-In-700 sample higher exchange current density (0.458 
mA/g), therefore, as we will see later, it exhibits highest capacity at higher C rate. This result 
implies that the enhanced activity of the In-doped electrode is higher than that of pure electrode 
(0.174 mA/g) leading to a superior electrochemical performance. 
 
Table 6.3 Electrochemical impedance and exchange current density 
 Sample  Rs (Ω)  Rct(Ω)  Io(mA/g)  
C-LFP-In-600 4.4  85  0.287  
C-LFP-In-700 3.8  52  0.458  
 
According to Eq. (2.4), Z’ versus ω-1/2 is linear, while the slope of the fitting line 
represents the warburg coefficient σ. Figure 6.8 shows the plot of the real impedance with the 
inverse square root of angular speed in the low frequency range. The diffusion coefficient of the 
lithium ions can be calculated based on Eq. (2.5), and is estimated to be 3.66×10
-15
, 1.99×10
-13
, 
and 7.03×10
-13
 for samples C-LFP-600, C-LFP-In-600, and C-LFP-In-700, respectively. Clearly, 
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the C-LFP-In-700 sample exhibits the highest Li-ion diffusion coefficient, which is consistent 
with the electrochemical performance.  
 
Figure 6.8   Linear relationship between Z’ and ω-1/2 in the low frequency region 
 
The electrochemical behavior of doped LiFePO4/C cathodes is characterized by cyclic 
voltammetry (CV). Figure 6.9 illustrates the CV profiles of LiFePO4/C electrodes at different 
scan rates in the range of 0.2 ~ 5 mV/s. The two observed peaks in the CV profile of LiFePO4  
belong to the anodic peak (charge current) and the cathodic peak (discharge current) which are  
attributed to the two-phase transformation of Fe
2+
/Fe
3+
 redox couple, corresponding to the anodic 
oxidation of  LiFePO4  FePO4 and cathodic reduction current of FePO4  LiFePO4 reactions. 
In the CV curves, we can see that the midpoint of the anodic and cathodic peaks is about 3.43V, 
which corresponds to the open-circuit voltage (OCV) of the LiFePO4 electrode [140]. 
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Figure 6.9 CV profiles of C-LFP-In-600 and C-LFP-In-700 electrodes at different scan rates. 
 
The CV profile of the C-LFP-In-700 sample shows that anodic and cathodic peak 
intensities are much higher than the C-LFP-In-600 sample (Fig. 6.9). Also, we notice the shape 
of the peaks in case of C-LFP-In-700 electrode is sharper than the C-LFP-In-600 electrode which 
indicates slower kinetics. As shown in Fig. 6.10 the peak current shows a linear relationship with 
the square root of the scan rate, indicating that the Li-ion insertion/extraction in LiFePO4 is a 
diffusion controlled process [140].  
Using Eq. 2.6 and the data shown in Fig. 6.10 we determined the diffusion coefficient to 
be 1.8×10
-10
 and 5.4×10
-10 
cm
2
/s for C-LFP-In-600 and C-LFP-In-700 samples, which agree with 
the literature values [141-143]. The Indium doped C-LiFePO4 annealed at 700 
o
C (C-LFP-In-
700) exhibits the highest Li-ion diffusion coefficient which indicates controlling the heat 
treatment is a critical step in the preparation of high performance cathode material. 
101 
 
 
Figure 6.10 Randles-Sevčik plot (Ip vs. ѵ
1/2
) of normalized peak current vs. square root of the 
scan rate. 
 
Coin cells prepared with In-doped C-LiFePO4 cathodes were galvanostatically charged 
and discharged between 2  4.2 V versus lithium at various C-rates. Figure 6.11a shows the 
charge–discharge curves of the three samples at a rate of C/3. The flat portion  of the charge-
discharge potential curves around 3.45 V indicates the typical two phase nature of the lithium 
extraction and insertion reactions between LiFePO4 and FePO4 [144]. The curved parts of the 
profiles at the beginning and at the end refer to the charge transfer activation and concentration 
polarizations with contribution from limited miscibility between the LiFePO4 and FePO4. 
Clearly, the C-LFP-In-700 sample exhibits higher discharge capacity value (166 mA/g), 
compared to the C-LFP-In-600 sample (140 mA/g).  
The capacity of the samples at various charge/discharge rates are shown in Fig. 6.11b.  At 
higher C rate (5C), the supply of electrons from the interface electrochemical reaction becomes a 
problem leading to lower specific capacity. When the doped sample is annealed at 700 °C, the 
performance of the In-doped-C-LiFePO4 is significantly improved at all the rates. For instance, 
at a higher current density of 5C, it still retains a discharge capacity of 130 mAh/g whereas in 
the case of C-LFP-In-600 is only 85 mAh/g.   
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Figure 6.11 (a) Galvanostatic charge-discharge cycles of In-doped C-LiFePO4 composites at C/3 
rate (b) Electrochemical behavior of In-doped C-LiFePO4 composites at different current density 
(c) Cycling performance of In-doped C-LiFePO4 samples at C/3 rate. 
 
  Figure 6.11c shows the cycle performance of In-doped C-LiFePO4 samples at a rate of 
0.3 C for 100 cycles. It can be seen the improvement in discharge capability and cycle 
performance was realized by In doping for the annealed at 700 
o
C. However, there is no apparent 
degradation of both samples after 100 cycles.  
 
 
Figure 6.12   Cycling performance of C-LFP-In-700 at 5C rate.  
  
 Figure 6.12 shows an extended charge-discharge cycling study of the C-LFP-In-700 cell 
up to 500 cycles at a 5C rate.  It shows an excellent cycling stability with specific capacity (130 
mAh/g) remaining nearly constant over 500 cycles. This result shows that when the indium 
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doped the C-LiFePO4 becomes a stable cathode material. The significant improvement in the 
electrochemical kinetics could be attributed to the defect and disorder due to doping and 
existence of a Fe2P impurity phase which appears to enhance the electrical conductivity and the 
electrochemical performance of the cathode material. These results shed light on the importance 
of doping indium in the LiFePO4 lattice and the annealing temperature of the final product. 
 
6.4 Conclusions  
In-doped-C-LiFePO4 samples were prepared successfully by sol-gel method.  Lauric acid 
was used to coat the particles with carbon. The carbon provided by the decomposition of fatty 
acid not only provides reducing environment for maintaining Fe
II
 in the LiFePO4, but also 
restrict the growth of particle size of LiFePO4. The XRD patterns of the samples indicate the 
presence of minor impurity phases upon doping.  Raman spectroscopic study ensures the 
formation of carbon layers on the particles. In addition, the formation of F2P is detected in the 
samples, particularly for sample heat treated at higher temperature (700 
o
C). The samples 
annealed at 600 °C for 5 h experience similar kind of environment, therefore, the amount of Fe2P 
were similar in case of undoped and doped samples. The C-LFP-In-700 sample exhibited 
specific discharge capacity of 166, 161, 150, and 130 mAh/g at discharge rates of C/3, C/2, 2C, 
and 5C, respectively. Clearly, when the doped sample is annealed at 700 °C, the diffusion 
coefficient increased from 1.810-10 to 5.410-10 cm2/s. The electrical conductivity improved 
from ~10
-4
 to 10
-3
 S/cm, with an outstanding cycling stability (130 mAh/g at 5C rate) over 500 
cycles. Simultaneous indium doping at Fe site and carbon coating is a feasible way to improve 
electrochemical performance of LiFePO4 for high power applications.  
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CHAPTER 7 
 
INVESTIGATION OF C-LiFe0.8Mn0.2FePO4 COMPOSITES 
 
The increasing demands for high power in portable devices and hybrid electric vehicles 
have urged the development of high voltage cathodes. New cathode materials with improved 
energy density and charge/discharge properties are needed to replace the existing materials that 
have limited energy densities. In this chapter, we will show how by partial substitution of Fe
2+
 
with Mn
2+
, in LiFePO4 the substituted compound, LiMnxFe1-xPO4 could improve the energy 
density due to the higher voltage for Mn
II
/Mn
III
 (4.1V vs. Li) as compared with the lower voltage 
for Fe
II
/Fe
III
  (3.4V vs. Li) redox center.  
 
7.1 Introduction  
The commercialization of LiFePO4 was achieved by A123 Inc. and Sony Inc. for power 
tool applications [170], due to its very high performance. Though, the energy densities (578Wh 
kg
-1
) of such electrode materials are limited due to the limited operating potential 3.4 V vs. Li, 
which is quite low for high power applications such as EV and HEV [117]. Compared to the 
other alternative olivine-type cathode materials, such as, LiMnPO4, LiCoPO4 and LiNiPO4, they 
have a theoretical capacity similar to LiFePO4 but they are operate at 4.1, 4.9, 5.1V vs. Li
+
/Li, 
respectively [171]. Although these cathode materials can generate high energy density, the main 
limitation of some of them such as LiCoPO4 and LiNiPO4, are their too high operating voltages 
which are above the stability voltage of the common organic electrolytes. To address these 
issues, Fe ions have been partially substituted in LiFePO4 with  Mn, Co and Ni[171].  
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Wang et al. [172] synthesized LiFe1−xCoxPO4 (0≤ x ≤1.0) compounds by solid state 
method. Their results showed that LiFePO4 had a capacity of 164mAg
−1
, close to its theoretical 
capacity (170mAg
−1
), though; LiCoPO4 obtained only a capacity of 85mAg
−1
 with a discharge 
plateau around 4.74V, much lower than its theoretical capacity (165mAg
−1
). The capacity of 
LiFe1−xCoxPO4 at x = 0.2, 0.5, 0.8 was 153, 138, and 119mAg
−1
, respectively. On the other hand, 
LiFe1−xCoxPO4 samples exhibited poor cyclic performance, for instance, only 58.2% the capacity 
of the first cycle can be remained after 20 cycles for LiCoPO4, electrolyte decomposition could 
be a reason for the capacity fade of the substituted LiCoPO4.  
According to Yamada et al. [173], Li(MnxFe1-x)PO4 is a promising cathode material due 
to its suitable operating voltages of 3.4 – 4.1 V versus Li/Li+. This is an optimum voltage 
because it is not so high as to decompose the organic electrolyte. Li et al. [174] prepared 
LiMnxFe1-xPO4 (0 ≤ x ≤ 0.9) compounds via solid state method by adding carbon black to the 
synthetic precursor. The authors correlate the variation of capacity and energy density with the 
Mn content x of LiMnxFe1-xPO4. The average discharge voltage increased with the increase in 
Mn content it until x = 0.75, and the highest energy density ~ 595 Wh/kg was obtained at x=0.75 
with an average discharge voltage of 3.63 V, at room temperature. According to the authors, the 
good performance of the sample with x = 0.75 is attributed to the high stability of the olivine 
structure. Yamada et al. [175] study the phase diagram of Liy(MnxFe1-x)PO4  (0 < y, x < 1) system 
and their results showed that the compositions with x > 0.8 are unstable phases. This instability 
was reported to be caused by the Jahn-Teller effect of Mn
3+
 that is formed during charge.   
In this Chapter, we present the effect of the partial substitution of Fe
2+
 with Mn
2+
 at low 
Mn concentration and explore its electrochemical performances. The structural and physical 
properties of C-LiFe1-xMnxPO4 (x = 0, 0.2) nanocomposites was characterized by x-ray 
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diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), and Raman Spectroscopy. The electrochemical properties have been measured and 
correlated with particle size and morphology. 
 
7.2 Experimental Details 
Nanostructured C-LiFe1-xMnxPO4 (x = 0, 0.2) materials were prepared by sol-gel method, 
using lithium acetate, iron chloride, phosphorus pentoxide and managanese chloride as starting 
raw materials. The synthesis process of C-LiFePO4 is described in earlier chapters. For the 
LiFe0.8Mn0.2PO4 sample, 20 mol% MnCl2 were added during the first step so that Fe:Mn ratio 
remains 80:20. The dried powder was grounded and annealed under reduced environment of H2 
(10%) and Ar (90%) at 600
 
°C for 5 h with heating and cooling rate of 1
°
C/min. 
 
7.3 Results and Discussion 
7.3.1 X-ray Diffraction measurements 
The XRD patterns of the C-LiFe1-xMnxPO4 (x= 0, 0.2) nanocomposites, shown in Fig. 
7.1, are characteristic of the ideal orthorhombic olivine structure with the space group Pnmb. No 
impurity phases were detected in the samples. The mean crystallite sizes D of both samples are 
similar ~ 30 nm.  
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Figure 7.1 XRD patterns for C-LiFePO4 and C-LiFe0.8Mn0.2PO4 
 
 
Variations in the three lattice constants of the lattice a, b, and c of C-LiFe1xMnxPO4 
samples are summarized in Table 7.1. Significant increase in parameters a, b, and c are found 
when 20 mol% of Fe
2+
 ions were substituted by Mn
2+
 ions indicating that Mn
2+
 has successfully 
introduced into the M2 (Fe) sites. This result seems to be consistent with the expected results 
since the ionic radius of high spin Mn
2+
 (3d
5
, R = 0.97 Å) is larger than that of high-spin Fe
2+
 
(3d
6
, R = 0.92 Å) [167] (see Appendix B). 
 
Table 7.1 Lattice parameters of C-LiFe1-xMnxPO4 (x= 0, 0.2) composites 
 
         
 
 
 
 
 
Name a (Å) b(Å) c(Å) 
V(Å
3
) 
C-LiFePO4 10.345(7) 6.017(7) 4.690(3) 291.9(5) 
C-LiMn0.2Fe0.8PO4 10.369(8) 6.050(7) 4.699(4) 294.8(5) 
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7.3.2 Scanning Electron Microscopy 
 
Figure 7.2 SEM images of C-LiFe1-xMnxPO4 (x= 0, 0.2) samples 
 
Figure 7.2 shows typical scanning electron micrographs of C-LiFePO4 and C-
LiFe0.8Mn0.2PO4 composites. In general, the two samples have a similar morphology with the 
fine grains size ranging between 100 and 200 nm and the conducting carbon is uniformly 
distributed in composites. 
 
7.3.3 Transmission Electron Microscopy (TEM) 
The TEM images of C-LiFe1-xMnxPO4 (x= 0, 0.2) materials are shown in Figure 7.3. The 
results have shown that C-LiFePO4 has a smaller particle size (30-50nm) compared to C-
LiFe0.8Mn0.2PO4 (80-100nm). Although XRD results have indicated crystallite size around 30 
nm, we expect some degree of agglomeration. Also, the distribution of carbon coating on the 
surface of particles is not uniform especially in the Mn substituted composites. This may have a 
negative impact on the electrochemical performance of C-LiFe0.8Mn0.2PO4 composite as the 
particle size of the cathode material plays a very important role  in the electrochemical 
performance of the materials in the cell [52]. 
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Figure 7.3 TEM images of C-LiFe1-xMnxPO4 (x= 0, 0.2) samples 
 
 
7.3.4 Raman Spectroscopy 
 
The Raman spectra of pure and substituted LiFePO4 are shown in Fig. 7.4. Both spectra 
have a similar profile and mainly consist of two broad bands around 1340 and 1600 cm
-1
, which 
are generally assigned to the D and G bands of carbon [134]. These two bands represent the 
fingerprints of the presence of disorder and graphitic carbon on the surface of these particles. 
When some Fe
2+
 ions (20 mol %) were substituted with Mn
2+
 ions, no difference in shape and 
intensity of the carbon bands was found. 
 
Figure 7.4   Raman spectra of the C-LiFe1-xMnxPO4 (x = 0, 0.2) samples 
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7.3.5 Electrochemical Measurements 
 
Figure 7.5 Nyquist plots of C-LiFe1-xMnxPO4 (x= 0, 0.2) samples 
 
The electrochemical impedance spectroscopy of half-cells with C-LiFe0.8Mn0.2PO4 
cathode was measured at room temperature. Figure 7.5 shows the typical Nyquist plots for the 
spectra of the sample. In general, a smaller diameter of the semicircle reflects a lower charge 
transfer resistance, Rct. As can be seen in Fig. 7.5 the values of Rct for C-LiFePO4 and C-
LiFe0.8Mn0.2PO4 are 150 and 330 Ω. Clearly, introducing Mn into LiFePO4 is not beneficial to 
the kinetic behavior during charge-discharge process. This could be due to larger particle size as 
shown in TEM, as well as lower electronic and ionic conductivity of the Mn substituted phases.  
Figure 7.6 shows the charge-discharge voltage profiles as a function of specific capacity 
for C-LiFe1-xMnxPO4 (x= 0, 0.2) electrodes at C/3 rate. Beside the single voltage plateau around 
3.5 V that exists in C-LiFePO4 which correspond to the Fe
3+
/Fe
2+
, the charging curve of C- 
LiFe0.8Mn0.2PO4  cell also shows another voltage plateau around 4.1 V, which correspondent to 
Mn
3+
/Mn
2+
, with a shorter length as the amount of Mn is only 20%. The capacity of C-LiFePO4 
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reaches 155mAh/g, while that of C-LiFe0.8Mn0.2PO4 is 122mAh/g. This could be due to the large 
particle size compared to the pristine sample.   
 
 
Figure 7.6 Charge-discharge cycles for C-LiFe1-xMnxPO4 (x= 0, 0.2) samples at C/3 rate. 
 
7.4 Conclusions 
We synthesized C-LiFexMn1−xPO4 (x = 0, 0.2) composites via sol gel synthesis method. 
No impurity phases were detected in the XRD patterns. The Manganese substituted sample has a 
larger unit cell volume than that of C-LiFePO4 sample. Although the morphology and the 
porosity of both samples are similar for both samples, the particle size is increased when Mn was 
introduced which may affect negatively the overall capacity of the sample. However, the overall 
potential increased by 600 mV which can provide more energy density than LiFePO4 system. 
Having a smaller particle sizes should help achieving close to the theoretical capacity of this 
sample, which we plan to study in future, in order to provide better overall capacity and better 
energy density. In order to completely understand the LiMnxFe1-xPO4 system (0≤x≤1) are 
continuing our studies on materials prepared with different values of x. 
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CHAPTER 8 
 
CONCLUSIONS AND FUTURE WORK 
 
8.1 Conclusions 
Olivine structured LiFePO4 has been found to be one of the most promising cathode 
materials for Li ion rechargeable batteries for its low cost, non-toxicity, excellent thermal 
stability, safety characteristics, and good cycling performance. However, its poor electronic 
conductivity and slow lithium ion diffusion in the solid phase remain a challenge to be 
overcome. 
 In this thesis, a cost-effective sol-gel method was used to synthesize carbon coated 
LiFePO4 (LiFePO4/C) nanostructured materials. Our objective is to find methods to improve the 
rate performance of LiFePO4 cathode material by changing its physical and chemical 
characteristics such as carbon coating, using excess lithium during synthesis, metal doping, and 
partial substitution of Fe
2+
 with Mn
2+
. The results of our investigations are summarized as 
follows: 
 
Effect of carbon coating  
LiFePO4 and carbon coated LiFePO4 nanoparticles of ~ 20-50 nm in size were 
synthesized by sol-gel technique. Carbon coating of LiFePO4 was achieved by adding lauric acid 
as surfactant in various concentrations to achieve different carbon coverage of LiFePO4 
nanoparticles. The x-ray diffraction patterns showed the samples composed of single phase 
materials without any crystalline impurities. However, 
57
Fe Mössbauer spectroscopy, x-ray 
photoelectron spectroscopy, and magnetic measurements showed residual non-crystalline 
113 
 
impurity phases such as FePO4 and Fe2P. The Mössbauer spectroscopy measurements showed 
that the samples contain ~85%-90% Fe
2+
 ions from LiFePO4 and ~ 10% - 15% Fe
3+
 ions from 
iron-phosphorous impurities. The C-coated LiFePO4 materials showed higher electronic 
conductivity and specific capacity compared to the pure LiFePO4 and in particular, the sample 
consisting of nanoparticles with a uniform C-coating of 8-10 nm showed the best 
electrochemical properties (142 mAh/g at C/3) compared to other C-LiFePO4 samples with a 
non-uniform carbon coverage, as discussed in Chapter 3. We found the reduced agglomeration 
and the uniform carbon coating of nanoparticles, as well as a lower amount of Fe
3+
 impurity 
phases are the critical factors for better electrochemical properties in C-LiFePO4 cathode 
materials.  
 
Effect of Surfactants  
In this work, we have prepared LiFePO4/C composite cathode materials using long chain 
fatty acids, such as, lauric, myristic, and oleic acids, as surfactants for carbon coating. The x-ray 
diffraction results confirm the presence of a single phase material in LiFePO4/C composites. The 
Raman spectroscopy, scanning electron microscopy and transmission electron microscopy 
measurements show that the surfactants coat the LiFePO4 particles with carbon with varying 
degree of uniformity depending on the surfactant used. Among the three LiFePO4/C samples, the 
one prepared with lauric acid shows smaller size particles (25-50 nm) and uniform carbon 
coating compared to the samples prepared with other two surfactants. While 
57
Fe Mössbauer 
spectroscopy measurements show the presence of Fe
3+ 
ion containing impurity phase in all 
LiFePO4/C samples, the amount of the impurity phase is smaller in the sample prepared with 
lauric acid. This sample also shows the lowest charge transfer resistance, higher Li-ion diffusion 
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coefficient, higher discharge capacity (~155 mAh/g at C/3 rate), better rate capability and cyclic 
stability compared to the other two samples (see Chapter 4). We found the smaller particle size, 
uniformity of carbon coating, reduced agglomeration, and a lower amount of Fe
3+
 impurity phase 
in the samples to be major contributing factors for better electrochemical properties in the 
LiFePO4/C cathode material.  
 
Effect of Excess Lithium 
We investigated the role of excess Li during the synthesis on the electrochemical 
performance of C-LiFePO4. We prepared C-LiFePO4 and C- Li1.05FePO4 cathode materials using 
oleic acid as a surfactant and source of carbon to improve the electronic conductivity. X-ray 
diffraction results confirm the presence of single phase material in both samples. The degree of 
agglomeration and particle size of the cathode materials are reduced when excess lithium is used. 
Mossbauer spectroscopy analysis shows a decrease in Fe
3+
 impurity phase from 17% to 6% upon 
addition of 5 mol% extra Li in LiFePO4. Electrochemical measurements indicate lower charge 
transfer resistance and superior electrochemical performance of sample with excess lithium 
(Li1.05FePO4). The specific capacity and cycling stability are also improved when excess lithium 
is used. As discussed in Chapter 5, we found that there are correlations between the charge 
transfer resistance, diffusion coefficient, morphology, and electrochemical performance. 
 
Effect of Indium Doping 
In this study, we investigated the effect of In doping on the electrochemical performance 
of C-LiFePO4. We synthesized In doped (1 mol%) carbon coated LiFePO4 cathode materials using 
lauric acid as a surfactant and a carbon source. As shown in Chapter 6, our results indicate that In 
doped C-LiFePO4 is a single phase material and the sample annealed at 700 
o
C shows a superior 
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electrochemical performance in terms of specific capacity (166 mAh/g) and cycling stability, 
compared to the undoped C-LiFePO4 (155 mAh/g). We showed that there is a correlation 
between morphology, charge transfer resistance, diffusion coefficient, and electrochemical 
characteristics for In-doped and undoped C-LiFePO4. 
 
Effect of partial substitution of Fe
2+
 with Mn
2+
 
Our aim is to improve the energy density and the voltage quality of olivine type 
phosphate (LiMPO4, where M is a transition metal). In this study, we have partially substituted 
Fe
2+
/Fe
3+
 redox center with Mn
2+
/Mn
3+ 
in LiFePO4 at low content (20 mol%) that provides over 
600 mV higher voltage. We prepared carbon coated LiFe0.8Mn0.2PO4 composite material by sol 
gel synthesis method. We obtained reasonable performance for the 20%Mn doped sample 
(LiFe0.80Mn0.20PO4). We report the material structure, morphology, and electrochemical 
performances of LiFe0.8Mn0.2PO4.  
 
8.2 Future Work  
Although we successfully synthesized C-LiFePO4 materials, further work is needed to 
better understand the effect of the nature of carbon coating, elemental doping and the role of 
excess of Li on the electrochemical properties of these materials.  
Different Carbon Sources 
In Chapter 4, we explained the efficacy of carbon coating of LiFePO4 nanoparticles using 
three different surfactants (lauric, myristic and oleic acids) but all belong to the group of 
aliphatic carbon bonding. It will be interesting to use surfactants which have aromatic-ring 
structures which might lead to the formation of highly graphitized carbon in C-LiFePO4 and thus 
enhancing the electronic conductivity. 
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Effect of Li Excess or Deficiency 
Kima et al. [149] showed that Li0.9FePO4 fired at 700
0 
C, synthesized by solid state 
method, had discharge capacity of 156 and 140 mAh g
−1
 at 0.1 C and 2 C rate, respectively. The 
superior electrochemical performance was ascribed to the high surface area and enhanced Li ion 
diffusion. The authors pointed out that control of synthesis conditions and microstructure are 
thought to be significant factors for development of promising candidate for Li ion batteries. We 
successfully synthesized C-Li1.05FePO4 (5% excess Li) cathode material and achieved a good 
discharge capacity 155mAh/g at C/3 rate (see Chapter 5). It will be interesting to carry out 
similar investigations with other surfactants (lauric and myristic acids) and as well as study the 
Li-deficient C-LiFePO4 materials prepared with oleic, lauric and myristic acids as carbon 
sources.  
Effect of Metal Doping 
We have successfully prepared indium (1 mol %) doped C-LiFePO4 material with an 
outstanding electrochemical performance (see Chapter 6). In order to understand the effect of 
doping, lower concentration of In
3+
 will be interesting to study. A measurement of the Hall 
voltage will be useful to determine the type of carriers (n-type or p-type), the carrier density, and 
the carrier mobility. 
Effect of partial substitution of Fe
2+
 with Mn
2+
: LiMnxFe1-xPO4 
Regarding the effect of the partial substitution of Fe
2+
 with Mn
2+
, we will continue the 
synthesis process of a series of LiMnxFe1-xPO4 materials (0 ≤x ≤1) with various surfactants, 
metal doping,, etc. and perform in-depth characterizations to gain knowledge on physical and 
electrochemical properties of this class of materials. The addition of Mn provides over 600 mV 
higher voltage as compared to iron redox (Fe
II
/Fe
III
) potential.   
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APPENDIX A 
 ANALYSIS OF NYQUIST PLOT 
 
Let us consider an alternating voltage (E), which changes sinusoidally with time (t): 
)sin(0 tEE               (A.1) 
where, Eo is the amplitude and  the angular velocity which equals to 2π f, where f is the 
frequency of the alternating voltage.  
Likewise we define an alternating current (I) by: 
)sin(0   tII              (A.2) 
Where, φ is the phase shift between E and I. 
An expression analogous to Ohm's Law allows us to calculate the impedance of the system: 
 






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)sin(
)sin(
)(
)(
)(
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0
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0
0
0
0 j
I
E
eI
eE
tI
tE
I
E
Z
tj
tj




       (A.3) 
So, Z ( ) is a complex quantity with a magnitude and a phase shift depend on the frequency of 
the signal. 
 For a capacitance C, 
Cj
Z c

1
 ; where j denotes the imaginary unit ( 1j ). 
 For a resistance R, RZR   
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Figure A.1 Randles circiut and its equivalent impedances 
 
As can be seen in Fig A.1, circuit (a) shows the Randles circuit which consists of one capacitor 
(CPE) and three resistors (Rs, Rct and Rω). 
In circuit (b), RRR ct  is the equivalent resistance of Rct and Rω. 
In circuit (c), 


jRC
R
jCR
jCR
ZRC





1)/1(
)/1(
 is the equivalent impedance of R and C. 
In circuit (d), RCsT ZRZ  is the total impedance of the Randles circuit. 
imressRCsT jZZ
RC
CR
j
RC
R
R
jRC
R
RZRZ 






222
2
222 111 


    (A.4) 
With, 
2221 RC
R
RZ sre

                  (A.5) 
222
2
1 RC
CR
Zim



                         (A.6) 
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1. Behavior of impedances (Zre and Zim) at high frequency:  
At high frequency, 02/1  ωR  (see Eq. (2.5)) 
So, ctct RRRR               (A.7) 
Combining equations Eq. (A.5), Eq. (A.6), and Eq. (A.7) we get: 
2
22
)
2
(
2
im
ct
sre
ct Z
R
RZ
R












                                                   (A.8) 
This is an equation of a circle of center )0,
2
( cts
R
R  and radius
2
ctR . However, Eq. (A.6) shows 
that Zim is always positive. Therefore, the Nyquist plot shows a semicircle (Fig. A.2) and the 
frequency at the semicircle maximum m  equal to: 
RC
m
11


               (A.9) 
where, τ is the relaxation time and RRR ct  . As a result, the double layer capacitance (C) can 
be calculated (
R
C
1
 ). 
 
Figure A.2 Nyquist Plot at high frequency 
Special cases: 
 When  : Zre = Rs and 0imZ : The initial intercept of the semi-circle at highest 
frequency indicates resistance (Rs) associated to the electrolyte. 
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 When 0 : ctsre RRZ   and 0imZ : The intermediate semicircle corresponds to the 
charge transfer resistance (Rct) in the bulk of electrode material. 
2. Behavior of impedances (Zre and Zim) at low frequency: 
RR
RC
R
RZ ssre 


2221 
                         (A.10)    
2
222
2
1
CR
RC
CR
Z im 




            (A.11)    
Giving that
2/1wR  , So: 
2/12/1   ctswctssre RRRRRRRZ       (A.12)    
Since Rs and Rct are kinetics parameters independent of frequency, the real part of the total 
impedance will be dominated by the Warburg impedance. 
Using Eq. (A.12), the Warburg factor (σ) can be estimated from the slope of Zre vs. 
2/1 . 
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APPENDIX B 
SUPPLEMENTARY TABLE 
 
Table B1  Crystal Ionic Radius, Electronegativity, and Electron Configuration of Some Selected 
Ions [167] 
 
Ion Crystal Ionic Radius, R  
(Å) 
Electronegativity, χ 
(Pauling Scale) 
Outermost Orbital  
Li
1+
 0.90 0.98 1s
2
 
Fe
2+
 0.92 1.83 3d
6
 
Mg
2+
 0.86 1.31 2p
6
 
Ca
2+
 1.14 1.00 3p
6
 
Ti
2+
 1.00 1.54 3d
2
 
Cr
2+
 0.94 1.66 3d
4
 
V
2+
 0.93 1.63 3d
3
 
Mn
2+
 0.97 1.55 3d
5
 
Co
2+
  0.885 1.88 3d
5
 
Zn
2+
 0.88 1.65  3d
10
 
Ge
2+
 0.87 2.01 4s
2
 
Pt
2+
 0.94 2.28 5d
8
 
Pd
2+
 1.00 2.20 4d
8
 
Cu
2+
 0.87 1.90 3d
9
 
Fe
3+
  0.785 1.83 3d
5
 
Al
3+
  0.675 1.61 2p
6
 
Ti
3+
 0.81 1.54 3d
1
 
Co
3+
 0.75 1.88 3d
4
 
In
3+
 0.94 1.78  4d
10
 
Mn
3+
  0.785 1.55 3d
4
 
Ti
4+
  0.745 1.54 3p
6
 
Co
4+
 0.67 1.88 3d
3
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Lithium-ion batteries are the power sources of choice for portable electronics, power 
tools and electric-based transportation. This outstanding commercial success of Li-ion based 
batteries has spurred great international interest in applying this technology to systems that 
demand higher power, such as electric vehicles. This would require new electrode materials that 
are less expensive, more energetic, and more environmentally friendly than the present ones. Of 
particular interest is the olivine-structured LiFePO4 cathode developed by Goodenough and co-
workers, which offers several appealing features, such as a high, ﬂat voltage proﬁle and 
relatively high theoretical speciﬁc capacity (170 mAhg−1), combined with low cost and low 
toxicity. However, the intrinsically poor electronic and ionic conductivities of LiFePO4 limit its 
ability to deliver high speciﬁc capacity at high discharge rates. Several strategies have been 
devised to overcome these inherent limitations of LiFePO4.  
Carbon coating is one of the methods to improve the performance of LiFePO4. We have 
studied the effect of carbon coating on the performance of C-LiFePO4 nanocomposites 
synthesized using a very versatile sol-gel method with different surfactant (lauric, myristic and 
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oleic acids) as carbon sources. The materials were structurally characterized by x-ray diffraction, 
Raman spectroscopy, Mossbauer spectroscopy, scanning electron microscopy and transmission 
microscopy. The electrochemical characterization of materials was done using coin cell 
geometry against Li metal. Electrochemical impedance, cyclic voltammetry and galvanostatic 
measurements and analysis were carried out to investigate the electrochemical properties 
(specific capacity, rate capability, Li-ion diffusion coefficient, charge transfer resistance, etc.). 
Our results show that an optimized amount of carbon greatly improves electrochemical 
performance. In addition, we also studied the roll of excess of Li during the synthesis process. 
Excess of Li (5 mol %) along with oleic acid as a carbon source improved the electrochemical 
performance of C-LiFePO4 nanocomposites. 
In addition to carbon coating, we investigated the effect of metal (1mol % In
3+
) doping in 
LiFePO4. Improved electronic conductivity due to both carbon-networks and addition of 
extrinsic carries seem to be effective in achieving better electrochemical properties, especially at 
high charge-discharge rates. We have also investigated the effect of partial substitution of Fe
2+
 
with Mn
2+ 
in LiMnxFe1-xPO4 (x = 0.2) and explored its electrochemical performance. The 
addition of Mn provides over 600 mV higher voltage as compared to iron redox (Fe
II
/Fe
III
) 
potential.  The results are promising but needs further investigation. 
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